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CHAPTER I.  GENERAL INTRODUCTION 
 
BACKGROUND AND SIGNIFICANCE: 
Roles of fatty acids and VLCFAs: 
All cells, with the possible exception of Archea, utilize fatty acids.  They are thought 
to play three inter-related functions: structural (components of membranes), signaling (signal 
transduction and second messengers), and storage (carbon/energy reserve) (1).  This diverse 
range in cellular functions then requires a large assortment of fatty acid structures.  The 
structural diversity is thought to be accomplished by varying the fatty acid alkyl-chain length, 
as well as incorporating addition decorations on to the alkyl chain (e.g. double bonds, 
hydroxylation, epoxidation) (2). 
In eukaryotes, the majority of the cellular fatty acid requirement is provided by de 
novo fatty acid synthesis (FAS), specifically, 14-18 carbons in chain length.  A unique class 
of fatty acids with chain lengths greater than 18 are collectively called very long chain fatty 
acids (VLCFAs), and are biosynthesize by the integral membrane system fatty acid elongase 
(FAE).  This class makes up about 1-5% of the cellular fatty acid requirement, and is 
essential for normal growth and development (3).  In addition, there are some specific cases 
in plants where VLCFAs represent more than 30% of the total fatty acid content(4,5). 
 
Metabolic fate of VLCFAs in Plants:  
VLCFAs are components of a number of classes of molecules, including cuticular 
waxes, cutin, suberin, sphingolipids, and some specific cases of phospholipids and seed oils 
(6).  The aerial surface of land plants, the cuticle, is comprised of a complex mixture of 
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VLCFAs and their derivatives (C20-C34).  Some of the cuticular waxes are embedded within 
the cutin, whereas, others make up crystalline structures visible on the outer surfaces of the 
plant called epicuticular waxes.  The epicuticular waxes are comprised of a complex mixture 
of very long chain alcohols (primary and secondary), aldehydes, ketones, alkanes, and esters 
all stemming from VLCFAs (7,8).  In contrast, cutin is composed of a mixture of monomeric 
units held together through ester and ether bonds (9,10).  These monomeric units are fatty 
acid derivatives namely, ω-hydroxy fatty acids, di and/or tri-hydroxy fatty acids and epoxi-
fatty acids.  The majority of monomeric units have a chain length of C16 and C18, around 2-
10% of VLCFA-derived monomers are also incorporated (6,10). 
Suberin, a waterproofing lipid polymer, is found in subterranean organs (roots and 
tubers), at wound sites, internal organs known as a Casparian Strip, and bundle sheaths in 
grasses (9,11).  It consists of two cross-linked domains, one polyaliphatic and one 
polyaromatic domain.  The polyaliphatic domain is derived primarily from ω-hydroxy fatty 
acids, dioic fatty acids, and suberin waxes specifically very long chain alkanes, alcohols, 
fatty acids and wax esters (12).  The aliphatic monomers are homologous to those seen 
within the cutin, whereas the polyaromatics are absent. 
Sphingolipids are decorated ceramide molecules and they are a major component of 
the plasma membrane, tonoplast, and other endomembranes in the plant cell (13).  
Sphingolipids are essential to plant cell survival, serving as regulators of programmed cell 
death (14,15).  They potentially serve as lipid rafts and are involved in signaling a plant’s 
drought response (16-19).  Ceramides are composed of a long chain amino alcohol that is 
linked via an amide bond to VLCFA, generally C20-C26 (20,21).  Generally, the ceramide-
associated fatty acids are hydroxylated at the alpha carbon position. 
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The majority of fatty acids comprising membrane phospholipids are not VLCFAs.  
The phospholipid molecules phosphatidylserine (PS), phosphatidylcholine (PC), and 
phosphatidylethanolamine (PE) contain a larger proportion of VLCFAs, with the major 
VLCFAs being docosanoic acid (C22) or tetracosanoic acid (C24) (22).  Observations by 
Murata and colleagues have suggested that plasma membrane PS also have a high VLCFA 
content in many plant tissues (23).   
Within the Brassicaceae family, a wide variety of accessions accumulate between 13-
22% of VLCFAs in their TAG molecules of seed oil (24,25).  Alternatively, other species of 
plants store less VLCFAs, for example maize seed oils contain less than 1% VLCFAs. 
 
Metabolic function of VLCFAs in Yeast: 
In yeast, VLCFAs are essential for viability (26,27).  The majority of yeast VLCFAs 
are incorporated into sphingolipids, which are thought to serve structural roles (establishment 
of membrane curvature), function as second messengers, and act as signal transduction 
molecules governing heat stress responses, endocytosis, ubiquitin-dependent degradation of 
membrane channels and progression through G1-phase (28-31).  Further, studies have shown 
that although docosanoic acid (C22) is able to support the essential functions of VLCFAs, 
yeast have specific requirements for hexacosanoic acid (C26) in a variety of membrane 
processes (32).  Yeasts additionally utilize C26 acid in the formation of 
glycosylphosphoinositide protein anchors, GPI lipid anchors and the trafficking of proteins in 
the secretory pathway (33-35).   
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Metabolic function of VLCFAs in Mammals: 
In mammals, VLCFAs are the dominant lipid constituents of tissues.  Fatty acids 
greater than triacontanoic acid (C30) enable the formation of a permeability barrier that is 
critical for normal structure and function of the skin (36,37). VLCFAs are also found within 
photoreceptor cells and myelin (38).  In addition, polyunsaturated VLCFAs are components 
of sphingolipids and phospholipids (2,39).  A number of mammalian disorders are related to 
abnormal levels of VLCFAs.  Such disorders involve the adrenal cortex, nervous system, 
myelin deficiency, skin disorders, metabolic disorders, and several pathological situations 
stemming from the metabolic disruption of sphingolipids (e.g. gangliosides) and ceramides 
(36-38).  
 
De novo Synthesis of Fatty acids:   
In eukaryotes, FAS is an iterative cycle of reactions provided by a large soluble 
multienzyme complex, and is catalyzed by four enzymatic reactions (condensation, 
reduction, dehydration, and a final reduction) (40).  Initiation of FAS begins with the transfer 
of a malonyl group from its CoA derivative to the sulfhydryl group contained on ACP.  
Malonyl-ACP is then condensed with the acetyl group of acetyl-CoA to produce acetoacyl-
ACP.  The beta carbonyl of acetoacyl-ACP is reduced by 3-ketoacyl-ACP reductase to form 
3-hydroxybutyryl-ACP.  This intermediate is dehydrated by 3-hydroxyacyl dehydratase, 
producing crotonyl-ACP (a trans-Δ2-enoyl-ACP).  Finally, this substrate undergoes a second 
reduction, by enoyl-ACP reductase, producing saturated butyryl-ACP.  The second and 
successive rounds of condensation, reduction, dehydration, and second reduction produce a 
growing acyl-ACP molecule, which is elongated by two carbon units each cycle.  The acyl-
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ACP intermediates are substrates for chain length dependent thioesterase to hydrolyze the 
acyl-ACP yielding a fatty acid and a recycled ACP.  Fatty acids 16 or 18 carbons in length 
may then move into the cytosol where they can act as substrate (primer) for fatty acid 
elongation. 
 
Very Long Chain Fatty Acid Elongation: 
VLCFAs are produced by the elongase system (41).  Elongase produces VLCFAs by 
the cyclic elongation of long chain fatty acid primers.  The enzymatic elongation reactions 
are thought to be analogous to that of de novo FAS, such that they involve reactions of 3-
ketoacyl synthesis, 3-ketoacyl reduction, 3-hydroxyacyl dehydration, and enoyl reduction 
(41,42).  A cycle of elongation begins with the condensation of an acyl primer (stemming 
from FAS) and one molecule of malonyl-CoA.  The malonyl moiety is decarboxylated while 
undergoing a Claisen condensation with the acyl primer.  This condensation reaction yields a 
3-ketoacyl-CoA intermediate which is then reduced by 3-ketoacyl-CoA reductase, in concert 
with NAD(P)H oxidation.  The resulting 3-hydroxyacyl-CoA intermediate is dehydrated by 
3-hydroxyacyl-CoA dehydratase leaving an α,β-unsaturated acyl-CoA (trans-Δ2-enoyl-CoA).  
The final reduction of enoyl-CoA ends with a saturated fatty acyl-CoA molecule that has 
been elongated by two carbon units (2).  
Three important differences between FAS and elongase are 1) the intermediates of 
FAS are bound to acyl-carrier protein (ACP), while the intermediates of elongase are bound 
to coenzyme A (CoA), 2) FAS builds fatty acids, while elongase elongates pre-existing fatty 
acid primers and 3) FAS is a soluble enzyme system in the plastid of plants, while elongase is 
a cytosolic membrane bound system.    
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Fatty Acid Elongase System: 
While elongase has been solubilized from microsomes, the nature of this system has 
proven difficult to characterize via traditional biochemical approaches (43-45).  Utilizing 
various genetic approaches, the components of elongase have been identified.  Beginning 
with the characterization of the Arabidopsis fae1 mutant, James and colleagues identified the 
archetypal 3-ketoacyl-CoA synthase, KCS (46).  FAE1 was subsequently used to identify and 
clone additional homologs from Arabidopsis (24,47,48), and jojoba (5).  Similarly, the 
cloning and characterization of the second enzyme, 3-Ketoacyl-CoA Reductase (KCR), 
stemmed from our investigation of the maize glossy8 mutant (49,50).  The third component, 
3-Hydroxyacyl-CoA Dehydratase, was identified most recently, and was biochemically 
confirmed to be encoded by PHS1 (YJL097w) of yeast (51).  The forth and presumably final 
component of elongase, Enoyl-CoA Reductase, was identified and characterized from a yeast 
genetic screen that identified TSC13 (YDR036c) (52,53).   
 
Functional redundancy of the elongase enzymes: 
The diversity of lipids and tissues in concert with the variety of VLCFA length & 
degree of saturation suggests multiple elongase systems (41).  Biochemically, condensation 
is thought to be the rate-limiting step of elongase as well as the component most sensitive to 
substrate (54).  In Arabidopsis 21 KCS enzymes, all with similarity to the archetypal KCS, 
FAE1, have been characterized (55,56), and many have different expression patterns and 
different product elongation capabilities.  In maize 24 putative KCS genes have been 
identified (Campbell & Nikolau, Chapter II).  Together, the genetic redundancy and 
differential expression suggest that substrate specificity of the elongase systems may reside 
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with KCS.  The additional condensation enzyme, ELO from yeast and mammalian systems, 
shares no sequence similarity to the plant KCS enzymes (2,32,51,52,57,58).  However, it was 
found that KCS components are able to function within yeast lacking the respective 
analogous component (59).  More recently, ELO proteins where identified within plant 
systems, although why these enzymes exist for the plant is unknown (21). 
In maize, the KCR component is encoded by two paralogous genes glossy8a and 
glossy8b (20,50).  These two genes encode for ZmKCR1 and ZmKCR2 proteins that are over 
97% identical in amino acid sequence.  There are 13 amino acids that differ, all of which are 
conservative substitutions.  Within Arabidopsis a second KCR was identified but it was 
found, by detailed in planta work that this KCR has functionally diverged (59,60). 
The genetic redundancy within FAE systems, particularly within plant systems, 
provides difficult challenges for the function characterization of these FAE components.  
This dissertation presents two methods used to further dissect the enzymological roles of the 
ELO Claisen condensation and beta-ketoacyl-CoA reduction reactions.  
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DISSERTATION ORGANIZATION 
 
This dissertation is organized into five chapters and three appendices.  The first 
chapter provides a general introduction to fatty acids, detailing very long chain fatty acids 
and their fate within eukaryotic organisms with emphasis on surface lipids/cuticular waxes.  
The purpose of this chapter is to set the context for the research that is described in the 
chapters that follow.  Chapters II and III are manuscripts prepared for submission to The 
Journal of Biological Chemistry.  Chapter II describes the in silico identification, isolation 
and functional complementation of the maize genes encoding three of the four fatty acid 
elongation (FAE) system’s proteins.  Additionally, the previously identified FAE beta-
Ketoacyl-CoA Reductase (KCR) paralogs, glossy8a and glossy8b (20,49,50) are shown to 
functionally complement the endogenous yeast gene component of FAE and elucidation of 
the evolutionary persistence of these two paralogs is investigated by the biological and 
genetic engineering of a heterologous yeast-based platform.  The initial cloning of the two 
KCR paralogs was performed previously by Dr. Charles Dietrich and passed on to myself 
through work with Dr. Ann Perera.  I designed and prepared the experiments and data 
analyses for this manuscript.  Jason Hart provided laboratory support for these experiments. 
Chapter III details a manuscript that analyzes the collaborative efforts of a large 
number of laboratories stemming from the Arabidopsis Metabolomics 2010 Project and 
provides detailed characterization of the four Arabidopsis ELO gene paralogs.  Contained 
within the publically available Plant Metabolomics database are the metabolic profiles for the 
series of AtELO knockout lines generated by this consortium.  All Arabidopsis lines were 
generated by Dr. Charles Dietrich and Dr. Ed Cahoon, propagated and experimentally grown 
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in the Nikolau Laboratory by Stephanie Moon Quanbeck, and platform specific data was 
generated according to metadata presented on www.plantmetbolomics.org/ver2.  I performed 
the cuticular wax platform analysis for the grant seeking, pilot project, and renewal project.  
All data analysis was performed with the statistical guidance and work of Dr. Philip Dixon, 
Stephanie Moon and myself.  Jennifer Robinson and Jason Scott Hoffman performed 
morphological data generation, and I performed the analysis of this data.  I performed all 
other analyses presented.  
Chapter IV maximizes on a unique opportunity I had the last year of my PhD, which 
was a GK12 fellowship.  This manuscript was prepared for the submission to The Journal of 
Chemical Education, and details an educational model that draws from the concepts, ideas, 
and work I have done through the course of my graduate work, and is geared towards middle 
to high school aged students.  Creation of this module was an effort of myself, however 
would not have been possible without Mr. Timothy Weida, the 8th grade teacher I was paired 
with, or the ISU GK12 team. 
The last chapter, Chapter V, contains general conclusions from Chapters II, III, and 
IV and additionally discusses potential future research. 
The appendices contain information and experimental results related to but not 
included within Chapters II and III. 
This dissertation was under the guidance, supervision and support of my major 
professor, Dr. Basil J. Nikolau. 
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ABSTRACT 
 
Biosynthesis of very long chain fatty acids (VLCFAs) is an integral pathway in plants, 
animals & yeast. VLCFAs serve a variety of biological processes (e.g. protein trafficking, 
membrane stabilization, precursors for lipid second messengers) and in plants, are 
components of cuticular waxes, suberin, sphingolipids, phospholipids, seed oils, and 
glycosylphosphatidylinositol (GPI) anchors.  VLCFAs are synthesized by the fatty acid 
elongase system (FAE), which is composed of four integral membrane proteins: 3-ketoacyl-
CoA synthase (KCS), 3-ketoacyl-CoA reductase (KCR), 3-hydroxyacyl-CoA dehydratase 
(HCD), and an enoyl-CoA reductase using fatty acid primers provided by de novo fatty acid 
synthesis.  
 To study the role of genetic redundancy in the FAE system a yeast-based platform has 
been built.  The utility of this tractable system for functionally evaluating the enzymological 
role of each paralog has been illustrated by characterizing the redundancy in the KCR 
component of the maize FAE system.  To establish this system previously characterized 
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KCRs, ZmKCR1 (glossy8a) and ZmKCR2 (glossy8b), and in silico-identified maize genes 
encoding the remaining components of the system were initially used to individually 
complement yeast mutants that lacked a functional copy of the ortholog.  A bioengineered 
FAE reconstitution platform was built that metabolically surrounds the KCR component, 
within a single yeast strain that lacks multiple endogenous FAE components.  Specifically, 
the maize ZmKCS and ZmKCR homologs were inserted into a strain lacking the Scelo and 
Sckcr orthologs.  This new strain was used to knock out the endogenous Schcd and replace it 
with the maize HCD, generating a triple yeast gene knock-out containing three maize gene 
components.  This FAE component replacement collection has shown that the ZmKCR1 
enzyme prefers to elongate fatty acids with KCS-containing FAE systems, but the ZmKCR2 
is nondiscriminatory relative to ELO- and KCS-containing FAE systems.  Additionally, it has 
provided examples of ELO2 offering regulatory control within the FAE system.  This 
methodology can now be used to complete the full reconstitution of maize FAE, in a system 
free of the endogenous yeast FAE components.  Additionally, the replacement platform can 
allow for the functional investigation of the remaining paralogous FAE components.  
Bioengineering this system has not only provided a platform to characterize the interactions 
and functional significance of the FAE components, but also provides the biosynthetic 
machinery to produce long chain substrate for the functional characterization of biosynthetic 
genes downstream of FAE (e.g. the cuticular wax and sphingolipid biosynthetic genes).   
 
 
 
Abbreviations: 
1. FAS, Fatty acid synthase 
2. FAE, Fatty acid elongase 
3. Zm, Zea mays 
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4. Sc, Saccharomyces cerevisiae 
5. KCS, Ketoacyl-CoA Synthase 
6. KCR, Ketoacyl-CoA Reductase 
7. HCD, Hydroxyacyl-CoA Dehydratase 
8. ECR, Enoyl-CoA Reductase 
9. KO, Knock-out 
10. SCR, Single gene component replacement, Scelo2(3)-KO plus ZmKCS 
11. SCR1, Gene component replacement and insertion of ZmKCR1 
12. SCR2, Gene component replacement and insertion of ZmKCR2 
13. DCR1(2), Double gene component replacement within the ZmKCR1 or ZmKCR2 
series 
14. TCR1(2), Triple gene component replacement within the ZmKCR1 or ZmKCR2 
series 
15. /elo2(3), strain series in the elo2(3) KO background 
 	  
INTRODUCTION 
  
Fatty acids are rather simple in their chemical nature, yet their wide biological use 
shows astounding diversity in biological systems.   Although the bulk of fatty acids produced 
within a cell range in chain length from 14- to-18 carbon atoms (i.e. C14 to C18), a small 
portion of fatty acids are ≥20 carbon atoms in length.  These very long chain fatty acids 
(VLCFAs) participate in vital cellular functions, including protein trafficking, membrane 
stabilization, lipid secondary messaging and serving as storage molecules.  For example, 
VLCFAs are incorporated into the skin of mammals to provide a protective permeability 
barrier, which is critical for skin’s normal function and structure (1-3).  Similarly, plant 
tissues are covered with a permeability barrier (i.e. the cuticle), which protects against non-
stomatal water loss, and biotic as well as abiotic stresses (4).  The cuticle contains two major 
types of lipids: cutin (a polymer consisting of C16 and C18 ω-hydroxy, di and/or tri-hydroxy 
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fatty acids, and epoxy fatty acids) and cuticular wax (5).  Cuticular wax is composed of a 
complex mixture of very long-chain aliphatic compounds derived from VLCFAs (6).   
The production of VLCFAs requires two enzymes systems, de novo fatty acid 
synthase (FAS) and fatty acid elongase (FAE).  In eukaryotes, FAS is a soluble multi-enzyme 
complex that catalyzes an iterative cycle of four reactions (condensation, reduction, 
dehydration and a second reduction).  It is initiated by the condensation of malonyl-ACP 
(ACP-bound primer) with the acetyl group of acetyl-CoA to produce acetoacyl-ACP.  The 
ACP-esterified molecule is then reduced at the beta-carbonyl group by the enzyme 3-
ketoacyl-ACP reductase to form the intermediate 3-hydroxybutyryl-ACP.  This intermediate 
is dehydrated by 3-hydroxyacyl dehydratase to produce a trans-2,3-enoyl-ACP.  Finally, this 
substrate undergoes a second reduction by enoyl-ACP reductase to produce a saturated 
butyryl-ACP molecule, which completes the initial FAS cycle.  The second and successive 
rounds of condensation, reduction, dehydration and a second reduction produce a growing 
acyl-ACP molecule that is elongated by two carbon units per cycle.  In plants and yeast FAS 
predominately synthesizes fatty acids up to C16 and C18 at which point a chain length-
dependent thioesterase hydrolyzes the acyl-ACP to yield a free fatty acid and a recycled ACP 
molecule (7).  In plants, FAS occurs in the plastid, whereas the FAS-dependent FAE is an 
endoplasmic reticulum (ER)-associated integral membrane bound system within the cytosol.  
As such, the cell requires the removal of the ACP molecule by a thioesterase enabling the 
free fatty acid to be transferred across the membrane and into the cytosol for elongation.  
Although the biochemical reactions of FAE are analogous to FAS and both systems require a 
phosphopantetheine group acyl carrier, one important distinction between FAS and FAE is 
FAS activates the acyl chain with ACP, whereas FAE uses CoA.  Upon transfer of the FAS 
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derived C16 and C18 free fatty acid into the cytosol, CoA is added and this acyl-CoA primer 
is then ready for elongation by FAE.  The acyl-CoA primer undergoes the same series of four 
iterative reactions to produce a fatty acyl species that has been elongated by two carbon 
atoms per cycle stemming from malonyl-CoA.  The enzymes encoding this series of 
reactions are 3-ketoacyl-CoA synthase (KCS), 3-ketoacyl-CoA reductase (KCR), 3-
hydroxyacyl-CoA dehydratase (HCD) and an enoyl-CoA reductase (ECR).  
 There is tremendous genetic redundancy within the genes encoding for the enzyme 
specific to the Claisen-condensation of the 3-ketoacyl-CoA synthase.  This enzymatic 
reaction creates a new C-C bond required for elongation of a fatty acid, and is thought to be 
the chain-length determining and rate-limiting enzyme (8,9).  There are two classes of 
biochemically confirmed enzymes that appear to catalyze this reaction, the ELO and KCS 
enzymes.  ELO1 was identified from Saccharomyces cerevisiae mutants defective in fatty 
acid elongation (10) and found to be involved in medium-chain fatty acid elongation.  Based 
on sequence homology, two other yeast ELO genes (ELO2 and ELO3) were identified and 
are required for fatty acid elongation (11-13).  ELO2 and ELO3 extend 16- and 18-carbon 
primers to C22 or C24 and C26 fatty acid products, respectively (14). Within higher plants, 
four ELO-like proteins are present in Arabidopsis (15) and five putative ELO-like proteins 
have been identified in maize (presented in Chapter III of this dissertation).  Unlike the 
enzymes belonging to the ELO gene family which are present in fungi, animals and plants, 
the KCS family until recently appeared to be unique to plants(16,17); however, the public 
database ThYme (www.enzyme.cbirc.iastate.edu) curated by Chen and colleagues allowed 
for the identification of KCS enzymes outside of the plant kingdom and are presented in this 
manuscript (18).  The archetypal KCS, FAE1 was identified as a result of mutant analysis 
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which resulted in Arabidopsis plants deficient in fatty acid elongation products within storage 
lipids and was later confirmed to encode for the FAE KCS component (9,19-21).  Whereas 
the diversity in KCS paralogs could be attributed to this enzyme being the first committed 
step of VLCFA synthesis, it is interesting that two paralogs exist for KCR in maize, which 
catalyzes the reduction of β-ketoacyl-CoA to a β-hydroxyacyl-CoA (22-24).  The remaining 
elongase components HCD and ECR, in plants and yeast are both encoded by single genes 
(13,17,25,26) and are hypothesized to have broad substrate specificity capable of generating 
the complete gamut of required VLCFAs for the cell (27-29).  
Multiple paralogs exist for the different genetic components of FAE in maize as well 
as in organisms across kingdoms.  The functions of these paralogs and why these gene 
families persist within the maize genome is largely unknown and difficult to study in vivo 
because 1) FAE is an integral membrane system and is therefore difficult to characterize 
using traditional molecular and biochemical methods and 2) the FAE system is composed of 
a complex combination of components that varies amongst tissues and conditions. The main 
focus of this manuscript is to investigate the apparent gene redundancy within maize KCR.  
To accomplish this a yeast-based platform was engineered to systematically evaluate the 
functional role of the maize KCR gene paralogs, gl8a (ZmKCR1) and gl8b (ZmKCR2).  We 
have demonstrated that ZmKCR1 prefers KCS-type FAE systems while ZmKCR2 associates 
with either ELO- or KCS-containing FAE systems, suggesting a potential role in 
sphingolipid biosynthesis.  Additionally, the roles of ELO2 and ELO3 proteins were further 
elucidated and analyses indicate that ELO2 regulates the quantity and chain-length of 
VLCFA products, while ELO3 appears to be biocatalytic.  This yeast platform has utility for 
1) the in vivo characterization of the many paralogs encoding other components of maize 
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FAE (e.g. KCS and ELO redundancy), 2) the further characterization of FAE genes from 
many different organisms (plants, mammals, etc.), and 3) the study of FAE associated 
proteins and/or downstream enzymes that utilize VLCFAs and produce valuable bio-based 
hydrocarbon derivatives (e.g. the enzymes of cuticular wax biosynthesis).  
 
EXPERIMENTAL PROCEDURES 
 
Identification of maize elongase components –  
With the exception of the KCR component (22-24), all other maize FAE components 
were identified by sequence homology with experimentally validated Arabidopsis and yeast 
FAE components.  ZmKCS was isolated and amplified from the Zea mays inbred line B73 
(GenBank accession BT055158).  ZmKCR1 and ZmKCR2 were genetically identified and 
isolated as the glossy8a and glossy8b loci, respectively (22-24).  The maize HCD homolog 
(ZmHCD; GenBank accession DR817981) was identified from the maize EST assembly at 
PlantGDB (www.plantgdb.org) based on its sequence homology to the yeast (PHS1; 
YJL097w) (13) and Arabidopsis HCD (PASTICCINO2; AT5G10480) (26).  The maize ECR 
component (ZmECR; GenBank accession AY106269) was identified by its homology to the 
yeast ECR (TSC13; YDL015c) (27) and Arabidopsis ECR (CER10; AT3G55360) (30).  
ZmECR was later shown to be encoded by the genetically defined glossy26 locus, which is 
required for the normal deposition of cuticular waxes (31).  Both ZmHCD and ZmECR 
cDNAs were isolated by RT-PCR from the Zea mays inbred, B73. 
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Phylogenetic analysis of the maize KCS and KCR enzymes –  
Additional maize KCS paralogs were identified by BLASTing the 21 Arabidopsis 
KCS homologs against cDNAs from the ZmB73 AGPv2 working gene set (110,028 genes) 
using tBlastn with an e-value cut-off of 1E-10.  Hits with >70% similarity and >70% 
coverage were considered to be homologs and 23 maize protein coding sequences were 
identified.  KCS homologs from organisms other than maize and Arabidopsis were identified 
using the ThYme database (www.enzyme.cbirc.iastate.edu) and are located within subfamily 
KS2 of Ketoacyl Synthase (KS) (18,32). A bootstrapped (N=1000 replicates) neighbor-
joining phylogenetic tree was constructed using MEGA 5.0 (33) from the amino acid 
sequences of the Z. mays, A. thaliana and the 39 ThYme identified KCS homologs.  The tree 
was rooted with the S. cerevisiae ELO protein sequences.  Maize sequence classification was 
then performed according to the eight Arabidopsis KCS subclasses identified by Joubes and 
colleagues (34). 
Similarly, a neighbor-joining phylogenetic tree was constructed for the KCR 
component.  Homologs were identified by blasting the maize, Arabidopsis, and yeast KCR 
proteins into NCBI’s blastp (http://blast.ncbi.nlm.nih.gov) and 67 hits, e-value less than 1E-
65, were included in the analysis.  
 
Construction of yeast expression cassettes –  
All expression cassettes used the yeast galactose-inducible GAL1 promoter to control 
the heterologous expression of maize FAE components in yeast.  ZmKCS was cloned into the 
XhoI-BamHI restriction sites of plasmid pYES2 (a high copy episomal plasmid that contains 
	   21	  
the URA3 marker gene).  ZmKCR1 and ZmKCR2 were each cloned into pYX043 (an 
integrative plasmid containing the LEU2 marker gene) using the EcoRI-SalI and KpnI-XbaI 
sites, respectively.  The ZmHCD and ZmECR components were cloned into pAG423 (HIS3) 
and pAG424 (TRP1), respectively, using the Gateway cloning system (Invitrogen, 
Carlsbad, CA) according to standard protocols.  Entry clones were constructed by subcloning 
PCR amplification products of the respective primer pairs, ZmHCD-GatF, ZmHCD-GatR, 
ZmECR-GatF, ZmECR-GatR (See Table 1).  Both pAG423 and pAG424 are high copy 
episomal plasmids (35).  All yeast shuttle vectors were confirmed by DNA sequencing, were 
maintained in E. coli TOP10 or DH5α cells (Invitrogen), and were propagated in Luria Broth 
with the appropriate antibiotics. 
 
Site-directed mutagenesis –  
During PCR-based construction of the ZmECR/pAG424 cassette a random mutation 
within the ZmECR coding sequence was isolated and confirmed by DNA sequencing to be an 
A-to-T transversion that caused a serine to cysteine change at position 283 of the ECR 
protein sequence (GenBank Protein Accession ACF86977).  The transversion was corrected 
by QuikChange mutagenesis (Stratagene, La Jolla, CA) using primer ECRcorrA2T (See 
Table 1) and confirmed by sequencing, to generate ZmECR/pAG424.  The original mutated 
construct, ZmECR(a850t)/pAG424 was used as a negative control in yeast genetic 
complementation experiments. 
 
 
 
	   22	  
Yeast strains and media –  
Yeast cultures were grown according to standard procedures (36,37). The parental 
strain, BY4741 was maintained in rich YPD (Yeast Peptone Dextrose) media and grown in 
YPGal as inductive conditions.  Yeast transformants containing the G418 (kanMX4) or 
nourseothricin (natMX4) resistance cassettes were selected with the addition of 200 µg/mL 
geneticin (G418; Invitrogen, Carlsbad, CA) or 100 µg/mL of nourseothricin sulfate (Sigma-
Aldrich, St. Louis, MO).  Selection for yeast transformants containing the phosphinothricin 
(patMX4) resistance cassette was on SDP media with 600-800 µg/mL glufosinate (Sigma-
Aldrich, St. Louis, MO) (38).  Yeast strains containing maize genes were selected by their 
ability to grow on minimal medium (SD) without the appropriate amino acid.  Expression of 
maize FAE components was induced with 2% galactose in YPGal medium.  Additional yeast 
strains that carried mutations in the endogenous FAE component genes were obtained from 
Open Biosystems (Huntsville, AL) and are listed in Table 2.  
 
Yeast Transformation –  
Plasmids were transformed into yeast using a standard lithium chloride yeast 
transformation protocol (39).  For homologous recombination-induced integration, pYX043-
based cassettes were digested with BstXI, and linearized plasmids were used in the 
transformation protocol.  
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Sporulation and tetrad dissection – 
Sporulation of diploid strains was performed according to Enyenihi and Saunders 
with the following modifications (40).  Cells were transferred to supplemented liquid 
sporulation medium (1% potassium acetate, 0.005% zinc acetate, and 1x appropriate amino 
acid drop-out supplements) and incubated at 25°C for 7-14 days. Tetrad dissection was 
performed using a Nikon Eclipse 50i Dissection microscope (Nikon Instruments Inc., Elgin, 
IL).  Cells were prepared for dissection by inoculating cell cultures with an equal volume of 
1 mg/ml Zymolyase-100T in 1M sorbitol solution, and the mixture was incubated at 37°C for 
15 minutes.  The spores were “pulled” from the partially digested ascus by 
micromanipulation and placed onto the appropriate selective induction media (SC) plates.  In 
experiments that were testing the expression of maize FAE components, spores were placed 
on SC-media containing galactose. 
 
Complementation Assay –  
Plasmids containing the maize elongase genes were introduced into yeast strains in 
which the homologous endogenous gene was knocked out.  Function was assessed for 
ZmKCR1, ZmKCR2, ZmHCD, and ZmECR by determining if their expression would 
complement the lethality of the S. cerevisiae knock-out mutants, ScKCR – ybr159w, ScHCD 
– phs1, ScECR – tsc13, respectively. ZmKCR1, ZmKCR2, ZmHCD, and ZmECR were 
subsequently cloned into the heterozygous diploid (see Table 2 for strain list), and 
sporulation of these strains resulted in the recovery of a knock-out strain that contained the 
appropriate maize gene.  Sequence confirmation of the maize component and the knock-out 
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cassette confirmed the gene replacement.  ZmKCS was transformed into the Scelo2 and 
Scelo3 haploid yeast knock-out mutants (Table 2), and ZmKCS complementation was 
evaluated by GC-MS. Fatty acid analysis of the remaining complementing strains, ZmKCR1, 
ZmKCR2, ZmHCD, and ZmECR was also performed by GC-MS. 
 
Targeted gene disruption & cassette construction –   
A PCR-mediated gene disruption strategy (38,41) was used to create knock-out 
alleles of yeast FAE component genes (ScKCR and ScHCD).  The publically available Yeast 
Deletion ORF Primers 
(http://www.sequence.stanford.edu/group/yeast_deletion_project/project_desc.html) were 
used to synthesize oligos for the two FAE component gene replacements. The following 
primers were used to amplify the appropriate dominant gene replacement plasmid and 
integrate the homologous recombination site on to the PCR product: ScKCRDEL-FWD; 
ScKCRDEL-REV; ScHCDDEL-FWD;  ScHCDDEL-REV (Table 1).  These ‘ultramer DNA 
oligos’ were synthesized by Integrated DNA Technologies, Inc (Coralville, IA).  Dominant 
deletion marker plasmids pAG25 (natMX4 - nourseothricin resistance) and pAG29 (patMX4 
– phosphinothricin resistance) (Euroscarf, Frankfurt, Germany) were used as templates.  PCR 
amplification followed previously described methods for MX4 cassettes (38).  DNA 
fragments were gel purified (Qiagen, Germantown, MD), and 1-ug was used for S. cerevisiae 
transformation by the lithium acetate method. 
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Strain growth analysis –  
All bioengineered yeast strains were grown in a BioTek microplate reader (Winooski, 
VT) for 42 hours at 30°C with constant shaking, and growth was monitored by measuring 
OD600 every 30 minutes. To minimize media effects across the bioengineered strain series, 
synthetic complete (SC) or SD media, with supplementation for auxotrophy, and inductive 
conditions were used for growth.  Data was analyzed and doubling time calculated using 
Gen5 data analysis software 
(http://www.biotek.com/products/microplate_software/gen5_data_analysis_software.html). 
Statistical computations were carried out using JMP Pro 9.0 (SAS Institute Inc. Cary, NC), 
and Student’s t tests were applied to doubling time.  
 
Analysis of fatty acids –  
Fatty acids were extracted following saponification with barium hydroxide according 
to (24,42), with the following modifications.  Yeast cells were collected by centrifugation at 
30 and 42 hours post-induction, flash frozen with liquid nitrogen and lyophilized.  Between 5 
and 10 mg of dry cell pellet was homogenized with acid-washed glass beads (425-600 µm, 
Sigma-Aldrich, St. Louis, MO) and used for fatty acid extraction. Free fatty acids were 
recovered by extraction with hexane and then methylated.  The fatty acid methyl esters were 
silylated according to Perera and colleagues (2010).  Statistical analyses were carried out 
using JMP Pro 9.0 (SAS Institute Inc. Cary, NC).  Student’s t tests were applied to metabolite 
abundance data. 
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Histological analysis of lipid accumulation –  
Lipids were stained using a procedure modified from Wolinski and Kohlwein (43).  
Briefly, stationary-phase yeast cell suspension was stained for 5 minutes at room temperature 
with the lipophilic dye Nile Red (1 mg/mL in dimethylsulfoxide, Sigma-Aldrich, St. Louis, 
MO).  Cells were collected by centrifugation and visualized using an EVOS-fl fluorescence 
microscope (AMG, Inc., Bothell, WA).  Images were generated at 100x magnification.  
Visualization of cytoplasmic lipid droplets was attained by yellow-gold fluorescence (YFP 
filter - excitation at 500nm, and emission at 542nm), and cell surface, predominately polar 
lipid accumulation was imaged as red fluorescence (Texas Red filter - excitation at 585nm, 
and emission at 624nm).  Images were acquired by the EVOS imaging system, high-
sensitivity monochrome, 1360 x 1024, 6.45 µm/pixel, Sony ICX285AL CCD camera. 
 
RESULTS 
 
Phylogenetic analysis of the KCS and KCR families – 
The KCR family of enzymes was examined by the construction of a neighbor-joining 
phylogenetic tree (Figure 1).  All putative KCR proteins contained the essential KCR 
catalytic motif (SX16YX3K) and most contained the dilysine ER retention and putative 
NADH-binding (GX3GXGX3AX3AX2G) motifs as described by Beaudoin and colleagues 
(44) (Table 3).  The plant kingdom KCRs could be classified into at least seven putative 
subclasses.  Like maize, many plant species appeared to contain multiple gene paralogs that 
putatively encode for the KCR enzyme. Both ZmKCR proteins were classified within 
subclass I, which most closely relates to two homologs from sorghum.  It was interesting that 
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three additional sorghum proteins were identified and classified into subclass 5, which was 
the same subclass that included the Arabidopsis KCR2 protein.  A defining characteristic of 
this subclass was the lack of an ER retention motif.  This phylogenetic analysis identified 
new KCR candidates, all of which can be experimentally verified for KCR activity within the 
heterologous system created in this study. 
In a similar manner to KCR, phylogenetic relationships were examined between the 
extensively studied Arabidopsis KCS proteins and the 24 newly identified maize homologs 
(Figure 2).  Included within this analysis were additional KCS homologs identified from the 
ThYme database (www.enzyme.cbirc.iastate.edu) (32); Chen Y et al submitted).  Note that 
this subfamily excludes the ELO condensing enzymes, due to lack of sequence homology to 
the KCS enzymes that are contained within subfamily KS5.  Classification of the KS2 family 
(as defined in the ThYme database) revealed for the first time that KCS enzymes are not 
specific to plants, as previously reported (17), but identified homologs outside of the plant 
kingdom (e.g. diatoms, dinoflagellates, haptophytes, slime molds, and brown algae).   
The KCS proteins were classified by sequence homology to the eight Arabidopsis 
KCS subclasses identified by Joubes and colleagues, and the maize sequences were 
categorized into six of the subclasses (α, δ, ε, γ, θ, ζ); the subclasses β and η do not appear to 
contain maize homologs (34).  In addition to the six Arabidopsis subclasses, one new 
subclass (ι) was identified that contained two putative KCS enzymes from maize.  This 
phylogenetic analysis provides a basis for the investigation of maize KCS paralogs.  For 
example, it identified the ZmKCS, used within this study, as a member of the subfamily γ.  
This subfamily also contains the Arabidopsis CER6 (CUT1) enzyme that was biochemically 
characterized to participate in the elongation of fatty acids and appears specific for the 
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synthesis of C24 to C26 fatty acids.  This provides a testable hypothesis within the 
engineered platform presented below (45). 
 
Genetic complementation of yeast FAE component knock-outs with the maize FAE 
components –  
Expression of the maize cDNAs that encode for the individual FAE components, 
ZmKCR1, ZmKCR2, ZmHCD and ZmECR was evaluated based on the ability of the maize 
transgenes to complement the corresponding yeast strain lacking the respective endogenous 
gene functionality.  Knock-out alleles of the corresponding yeast orthologs (ScKCR – 
YBR159w, ScHCD – YJL097w, and ScECR – YDL015c) are either lethal or near lethal (46-
48), and expression of the maize orthologs in every case complemented this growth 
deficiency (Figure 3, Figure 5A, Figure 6A).  When performing the functional 
complementation of the ZmECR component, a key catalytic residue was identified, Serine 
283, when a random A to T transversion caused a switch in the protein code to Cysteine 
rendering the protein inactive (data not shown).  This amino acid is required for proper 
enzymatic function within FAE. 
Fatty acid profiling of the yeast complementation strains containing ZmKCR1, 
ZmKCR2, ZmHCD and ZmECR was performed.  Figure 5B shows that total fatty acid 
accumulation in Sckcr-KO+ZmKCR1 and Sckcr-KO+ZmKCR2 were different than wild-type 
at the 10% significance level (p-value – 0.092 and 0.076, respectively). When comparing the 
two ZmKCR expressing strains, ZmKCR1 hyperaccumulates while ZmKCR2 
hypoaccumulates total fatty acid products (p-value – 0.004).  In wild-type and both Sckcr-
complemented strains (Sckcr-KO+ZmKCR1 and Sckcr-KO+ZmKCR2), the FAS-generated 
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fatty acids (of less than or equal to C18 chain length) were significantly different from each 
other at the 10% significance level (p-values - 0.09 and 0.05, respectively).  However, the 
FAS generated fatty acid qualitative profiles were relatively similar to the wild-type state 
(Figure 5D).  The expression of ZmKCR1 or ZmKCR2 produced a significant difference with 
regard to the FAE (Figure 5E) products that accumulate (products of chain length greater 
than C18); the ZmKCR1 expressing strain hypoaccumulates FAE generated products (p-value 
– 0.01); while the ZmKCR2 expressing strain hyperaccumulates FAE generated products (p-
value – 0.04).  Moreover, the VLCFA profiles produced by each of the KCR components 
(either the endogenous yeast or the two maize KCRs) vary, generating a different fingerprint 
of fatty acid species (Figure 5F).  Specifically, the endogenous yeast KCR had a preference 
for producing C26 and 2-OH-C26:0 fatty acids, and replacing this component with ZmKCR2 
(Sckcr-KO+ZmKCR2) produced a profile similar to the wild-type state, but the ZmKCR1 
complemented strain (Sckcr-KO+ZmKCR1) had a distinct profile in that it is unable to 
synthesize 2-OH-C26:0, but instead produced 2-OH-C24:0.  Based on these findings, 
ZmKCR2 appeared to have a preference for ELO-containing FAE systems, while the 
association of ZmKCR1 with ELO-containing FAEs was detrimental to the production of 
VLCFAs.   
 The HCD and ECR complemented strains did not significantly alter total fatty acid 
levels or fatty acid profiles relative to the wild-type state (Figure 6).  These results indicated 
that the maize HCD and ECR components have broad acyl-chain length substrate 
specificities, being able to dehydrate and reduce all 3-hydroxyacyl-CoA and enoyl-CoA 
intermediates of the FAE system, respectively.  
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In yeast, the enzyme that catalyzes the initial condensation reaction of the FAE cycle 
is encoded by three homologous genes (ScELO1, ScELO2 and ScELO3), and only the latter 
two appear to be responsible for VLCFAs (12,49).  The ability of ZmKCS to replace one or 
more of the ScELO functions is best illustrated by the complementation of the Scelo3-KO 
strain (Figure 4). Knocking out ScELO3 did not produce a lethal phenotype, however the 
VLCFA pool is completely eliminated to undetectable levels (Figure 4E).  The expression of 
ZmKCS in this background recovered VLCFA accumulation, and even surpassed the wild-
type level by more than 5-fold (Figure 4E). Collectively, these findings indicated that the 
maize KCS component can integrate with the other yeast FAE components and provide the 
acyl-chain condensation functionality that is normally provided by ELO3.  Taken together, 
these genetic complementation experiments demonstrated that the maize orthologs for each 
of the tested FAE components can function with the other endogenous yeast FAE 
components to generate VLCFAs.  These findings therefore for the first time functionally 
identified the maize KCS, KCR2, HCD and ECR as FAE-components. 
 
Physiological and biochemical characterization of yeast FAE-single component replacement 
strains – 
Having experimentally established that individual maize FAE components can 
functionally replace yeast FAE components, a flexible platform for the functional analysis of 
the two maize KCR paralogs could be bioengineered in the context of the “surrounding” 
maize FAE components.  The platform consists of a series of yeast strains, in a single genetic 
background, each of which was bioengineered to carry yeast knock-out alleles of one or more 
of the endogenous FAE components, which were replaced by maize homologs (Figure 7).  
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These genetic manipulations are designated as FAE component replacements.  The principle 
behind strain nomenclature was illustrated by the first series of genetic manipulations, the 
replacement of ScELO2 or ScELO3 with the analogous condensation component, ZmKCS.  
This is the Single Component Replacement in the Scelo2-KO or Scelo3-KO backgrounds, 
and they are denoted as SCR/elo2 and SCR/elo3, respectively.  Continuing in the step-wise 
bioengineered design, the ZmKCR component was added into the SCR strains producing a 
Single Component Replacement plus ZmKCR in the Scelo2-KO or Scelo3-KO background 
(i.e. SCR+ZmKCR/elo2 and SCR+ZmKCR/elo3, respectively). 
The haploid yeast strain, BY4741, was selected for building this platform, and this 
recipient strain was first characterized in terms of its biochemical and physiological 
capabilities in VLCFA biosynthesis. The recipient wild-type BY4741 strain accumulates 
both neutral lipids (visualized as Nile Red-stained red fluorescence) and polar lipids 
(visualized as Nile Red-stained yellow fluorescence) (Figure 8A & B).  Fatty acid profiling 
revealed that this strain accumulated three different classes of fatty acids: 1) FAS-generated 
medium to long chain fatty acids (LCFAs), which includes 12:0, 12:1, 14:0,16:0, 16:1, 16:2, 
18:0, 18:1, 18:2 and 2-OH-18:0; 2) VLCFAs, which includes 20:0, 20:1, 22:0, 24:0, 25:0, 
and 26:0), and 3) the unusual, odd-numbered chain length and branched fatty acids 15:1, 15:0, 
and 17:0 (note that C25:0 could fall into the unusual class of fatty acids, but was included in 
VLCFA class as it requires FAE for its biosynthesis) (Table 4).  In our standard growth 
conditions, the vast majority of the fatty acids in BY4741 were comprised of FAS-generated 
LCFAs, which accounted for nearly 99 mol% and less than 1 mol% were VLCFAs, and (0.40 
mol%) were unusual fatty acids (Table 5). 
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 Independently knocking-out the Scelo2 or Scelo3 genes provided insight into their 
individual roles in the production of VLCFAs.  Figure 9 shows that both of these knock-outs 
deleteriously affected growth, but the Scelo2 knock-out was more deleterious than the Scelo3 
knock-out; evidenced by 1.8-fold and 1.5-fold increase in doubling-time for the two mutants, 
respectively (p-values - 5.77E-10 and 3.55E-8). Nile Red-stained fluorescence microscopy 
revealed that neutral lipids and, to a greater extent, polar lipids were significantly reduced in 
both Scelo2 and Scelo3 knock-outs (Figure 8).  Consistent with the lipid fluorescence data, 
and with previous studies (14), total fatty acid accumulation in both the Scelo2-KO and 
Scelo3-KO strains was reduced to one-third of wild-type levels (Figure 4C and Table 5).  
Fatty acid analysis of these two knock-out strains revealed additional chemotypic differences 
between the Scelo2-KO and Scelo3-KO strains.  The Scelo3-KO produced wild-type levels of 
LCFAs (Figure 10C-1), but VLCFAs were reduced to undetectable levels (Figure 10A-1), 
and unusual fatty acids increased in abundance by two-fold (Figure 10D-1).  In contrast, 
VLCFA accumulation in the Scelo2-KO strain was increased by more than 3-fold (Figure 
10B-1), LCFAs decreased to about 1/3 of wild-type levels (Figure 10C-1) and unusual fatty 
acids were unchanged (Figure 10D-1).  Moreover, the VLCFA hyper-accumulation in the 
Scelo2-KO strain was attributed to the C26 fatty acid only, whereas in the wild-type VLCFA 
pool there was a mixture of different chain lengths between C20 and C26.  These results 
suggest that ELO3 is biocatalytic whereas ELO2 offers a regulatory function to control the 
quantities and chain-length distribution of the VLCFAs that are produced.    
The addition of ZmKCS into the Scelo2-KO or Scelo3-KO strains produced the Single 
Component Replacement strains, SCR/elo2 and SCR/elo3 (Figure 7B).  These replacements 
partially restored cell growth of the Scelo2-KO strain, but did not affect the growth of the 
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Scelo3-KO strain (Figure 9).  Nile Red fluorescence staining (Figure 8) indicated that these 
two SCR strains exhibit greater accumulation of neutral lipids than the wild-type, and the two 
knock-out strains (Scelo2–KO and Scelo3–KO).  In contrast, polar lipid accumulation was 
different between the two SCR strains; SCR/elo2 exhibited increased polar lipid 
accumulation, whereas SCR/elo3 shows reduced accumulation of these lipids as compared to 
wild-type (Figure 8).  The total accumulation of fatty acids increased in both SCR strains as 
compared to the knock-out strains, but do not achieve full recovery to the wild-type state 
(Table 10A-1).  However, in terms of VLCFAs, the two SCR strains exhibited similar 
quantitative but different qualitative effects relative to the knock-out conditions.  Namely, 
adding ZmKCS increased the VLCFA pool by 50% in the Scelo2-KO background (Figure 
10B-1), and this pool was uniquely of C26 chain length (Figure 10B-2).  In the Scelo3-KO 
background the effect of adding ZmKCS was to increase the VLCFA pool from undetectable 
levels to levels even beyond those found in the wild-type (>5-fold), and in this latter ZmKCS 
replacement strain, the VLCFA pool partially recovered the wild-type characteristic of chain 
length diversity (i.e., C20 and C22 fatty acids comprised 10 mol% of the VLCFA pool in the 
SCR/elo3 strain, whereas in the wild-type state these shorter VLCFAs (C20 and C25) 
accounted for about 45 mol% of the VLCFA pool). 
 
Physiological and biochemical characterization of yeast FAE-double component 
replacement strains  – 
The biochemical role of the two maize KCR components (ZmKCR1 and ZmKCR2) 
was examined in two steps.  First, each of these proteins were expressed individually in 
strains in which maize KCS had replaced either the ELO2 or ELO3 components (i.e., 
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SCR/elo2 and SCR/elo3, respectively) to generate SCR+KCR1/elo2, SCR+KCR2/elo2, 
SCR+KCR1/elo3 and SCR+KCR2/elo3 (Figure 7C), and subsequently the endogenous 
ScKCR (YBR159w) was knocked out in the four recipient strains, to generate the four Double 
Component Replacement (DCR) strains (Figure 7D).   
The addition of either of the two ZmKCR functionalities into the SCR strains added a 
redundancy to the KCR component of the FAE system.  When this redundancy is provided 
by the ZmKCR2 gene it enhanced total (Figure 10A-1) and VLCFAs (Figure 10B-1), whereas 
the effect of adding ZmKCR1 depends on the KCS/ELO context.  Namely, total (Figure 10A-
1) and VLCFA (Figure 10B-1) accumulation was unaffected when ZmKCR1 was added to a 
strain that contains both ZmKCS and ELO3 (i.e, SCR/elo2) or decreased when it was added 
to the strain that contains both ZmKCS and ELO2 (i.e, SCR/elo3).   
When the KCR redundancy was removed by the ScKCR gene disruption, generating 
the DCR strains, the different behaviors of the two ZmKCR paralogs was further amplified.  
Specifically, the effect of replacing ScKCR with ZmKCR1 was the same irrespective of the 
KCS/ELO context.  In either DCR(KCR1)/elo2 or DCR(KCR1)/elo3, total (Figure 10A-1) 
and VLCFA (Figure 10B-1) accumulation was similarly increased, and this increase in 
VLCFA accumulation was >5-fold greater than the wild-type state.  In contrast, replacing 
ScKCR with ZmKCR2 was dependent on KCS/ELO context.  Specifically, in the 
DCR(KCR2)/elo2 strain VLCFA levels are reduced and returned to near the wild-type state 
(Figure 10B-1), whereas in the DCR(KCR2)/elo3 strain VLCFAs remained at the elevated 
levels that were achieved in the SCR strain that was parental to this genetic modification.  
These findings provided new insight relative to different biochemical properties between 
ZmKCR1 and ZmKCR2, and may be an indication that ZmKCR1 is the preferred reductase for 
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the KCS-containing FAE system, whereas ZmKCR2 cannot discriminate between KCS- and 
ELO-containing FAEs and thus behaves differentially depending on the KCS/ELO context.    
Expanding on the GC-based fatty acid profiles, Nile Red fluorescence staining and 
cell-growth measurements were taken as a measure of the physiological impacts of these 
metabolic manipulations in VLCFA biosynthesis.  In the majority of the strains that were 
developed, Nile Red staining corroborates the quantitative data obtained by the GC-analyses, 
and in addition, it provided insights on the distribution of lipids between neutral and polar 
lipids (Figure 8).  Of the eight strains that were examined in the KCR addition and 
replacement experiments, the changes in the accumulation of neutral and polar lipids 
paralleled each other in all but one strain.  This suggests that the changes in fatty acid profiles 
that occur in these bioengineered strains are indiscriminately incorporated into both lipid 
pools, although more thorough biochemical assays may reveal more detailed differences.  
The effect of these genetic manipulations on cellular growth was predominantly negative; in 
all cases doubling time of the cultures was increased up to 2-fold as compared to the wild-
type state.  However, we noted that in some cases the more plant FAE components that were 
assembled within yeast the doubling time shortened, and this is particularly evident in the 
strain that replaces the endogenous KCR component with the ZmKCR1, irrespective of 
whether the co-expressed ZmKCS occurs in the presence of ELO2 or ELO3.  This is 
consistent with the conclusion reached from the VLCFA composition data, in that ZmKCR1 
is the preferred reductase for the KCS-containing FAE system, and can discriminate, and 
thus function “normally” irrespective of the presence of ELO-containing FAEs. 
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Physiological and biochemical characterization of yeast FAE-triple component replacement 
strains –  
 Finally, to dissect functional differences between ZmKCR1 and ZmKCR2 in a 
homologous context, we also replaced the yeast HCD component with the maize HCD 
component in the DCR/elo3 strains.  The resulting two Triple Component Replacement 
(TCR) strains carried the ZmKCS, ZmHCD and either ZmKCR1 to generate the 
TCR(KCR1)/elo3 strain or ZmKCR2 to generate the TCR(KCR2)/elo3 strain (Figure 7E). 
The third component replacement was carried out in the Scelo3-KO background because 
earlier studies (14) indicated that ELO3 is responsible for producing C26 fatty acids, a 
functionality that is a characteristic of the ZmKCS used in this study.   
 In the Scelo3-KO background, the major biochemical impact of replacing the yeast 
HCD with the maize homolog was reduced VLCFA accumulation and its return to near wild-
type levels (Figure 10B-1), and this was accomplished irrespective of whether ZmKCR1 or 
ZmKCR2 was providing the 3-keto-reductive functionality.  However, more detailed analyses 
indicated that the qualitative impact on the VLCFA pool differs between ZmKCR1 and 
ZmKCR2 (Figure 10B-2). Namely, the HCD replacement in the presence of ZmKCR1 
diversified the VLCFA pool from being only C26 fatty acid to include 24:0, 2-0H-20:0 and 
2-0H-26:0.  In contrast, this VLCFA diversity was already in the pool when ZmKCR2 was 
present with ScHCD, but became enriched when the HCD component was replaced with the 
maize homolog.  In addition to the differences in the VLCFA pool, total fatty acid 
accumulation differed between ZmKCR1 and ZmKCR2 within the ZmHCD strain.  This 
difference was observable in both the GC-profiling of fatty acids (Figure 10B-1) and the Nile 
Red staining of the cultures (Figure 8).  Specifically, replacing the HCD component in the 
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strain expressing ZmKCR2-containing FAEs elevates fatty acid accumulation, whereas this 
genetic manipulation on the ZmKCR1-containing FAEs does not alter this characteristic.  An 
interesting feature of these strains that contain the most complete plant FAE system (the three 
components) was the fact that these were the most negatively impacted for growth rate. This 
may be due to the fact that the FAEs in these strains are the most-removed from endogenous 
regulatory networks, which thus impact cellular growth. 
 
Secondary biochemical consequences of maize FAE reconstitution –  
  Consistent with the biochemical role that FAE provides an organism; our 
reconstitution of the maize FAE components in the yeast host has thus far been centered on 
describing the effect on VLCFA accumulation.  The additional fatty acid classes that occur in 
yeast, categorized by chain length, include LCFAs (even carbon chain lengths from C12-
C18) and unusual fatty acids (odd carbon chain C15 and C17).  Although the qualitative 
pattern of the LCFA pool remained relatively unchanged by the genetic manipulations 
described herein, the profiles of LCFAs quantitatively varied amongst the bioengineered 
strains (Figure 10E and F).  These differences parallel total fatty acid accumulation patterns, 
consistent with the fact that LCFAs comprise the bulk of the fatty acids within yeast cells.   
In contrast however, as the strain series progressed through the step-wise replacement 
of yeast FAE components with maize components, the pool of the unusual class of fatty acids 
exhibited a general increase in accumulation pattern, particularly within the Scelo2-KO series 
(Figure 10G and H).  This may indicate that the Scelo3-KO background is more resistant to 
these biochemical perturbations, which is consistent with the idea that the ELO2 protein has 
a regulatory role in VLCFA production.  As such, the case the absence of ELO2 function 
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would reduce the supply of acyl primers for FAE (causing a build up of LCFA products) 
resulting in the induction of a mechanism that generates odd-numbered fatty acids, possibly 
the induction of alpha oxidation.  Alternatively and/or additionally, unusual fatty acid content 
may be increasing in the yeast strains that are bioengineered to contain more of the maize 
FAE system, as a consequence of a stressed metabolic state, which again is due to increased 
alpha-oxidation (12,50).   
 
DISCUSSION 
 
Very long chain fatty acid biosynthesis is a vital process that occurs across all 
kingdoms of eukaryotic organisms.  As the knowledge base surrounding fatty acid elongation 
grows, many key questions still persist.  One such question encompasses genetic redundancy 
across many of the FAE components, and why an organism continues to retain multiple gene 
paralogs within its genome.  Questions surrounding FAE are difficult to answer in vivo and 
by using traditional molecular and biochemical methodologies because 1) FAE is a system 
composed of at least four integral membrane proteins, 2) each FAE system is composed of 
complex combinations of these components and in plants, multiple types of FAE systems 
exist (ELO-type and KCS-type), and 3) multiple gene paralogs exist for at least two of the 
four components and their expression is thought to vary between tissues and environmental 
conditions.  The development of a tractable heterologous system that can investigate multiple 
gene components would be advantageous in exploring the genetic redundancy that exists 
within each of these components. The approach of bioengineering this yeast-based 
	   39	  
component replacement platform for the purpose of functionally evaluating ZmKCR1 and 
ZmKCR2 has substantiated this tool for dissecting the FAE system.   
The main focus of this manuscript is to investigate the apparent gene redundancy 
within maize KCR.  The paralogous genes, glossy8a (ZmKCR1) and glossy8b (ZmKCR2) of 
maize were discovered to encode for KCR isozymes (23,51).  Characterization of these two 
paralogs has shown that their gene structures are conserved and that they encode proteins that 
are 97% identical, suggesting that they are the products of a recent gene conversion event 
(24). When assigning the fate of this gene duplication, ZmKCR2 cDNA can be isolated, 
ruling out the notion that it is a pseudogene .  This leaves the possibility that ZmKCR2 has 
either retained its original or a nearly similar function to that of its paralog or that it has 
functionally diverged (52).   In planta the expression patterns of ZmKCR1 and ZmKCR2 are 
similar to each other across tissues, although the ZmKCR1 transcript is often more abundant.  
The biochemical consequence of the ZmKCR1 mutation (glossy8a) reveals a detrimental 
effect on cuticular wax deposition, while the ZmKCR2 mutation (glossy8b) does not exhibit 
the same phenotype on the leaf wax load.  Cuticular wax analysis of both mutant lines 
uncovers the partial redundancy between both ZmKCR1 and ZmKCR2 components, 
evidenced by a decrease in the total wax load from wild-type levels (only 6% remaining in 
the ZmKCR1-KO and 55% remaining in the ZmKCR2-KO).  Further, maize genotypes that 
retain a functional ZmKCR1 protein have increased wax ester and decreased ketone 
accumulation, while those retaining a functional ZmKCR2 protein affect the proportion of 
shorter-chain alcohols and aldehydes (24).  These finding imply that the two ZmKCR 
isozymes are not completely redundant, and affect different fatty acid elongation product 
pools.  Additionally, when both ZmKCR1 and ZmKCR2 genes are knocked-out 
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simultaneously the resulting double mutant is embryo lethal, suggesting an overlapping 
function that is essential for seed development (24).   
To better understand the enzymological role of each gene paralog, a more intensive 
biochemical and molecular characterization of the paralogs was begun by engineering the 
surrounding FAE pathway components in the heterologous host Saccharomyces cerevisiae.  
The flexible platform consists of fifteen yeast strains built to investigate VLCFA metabolism 
in a step-wise fashion.  The collection highlights the two maize KCR gene paralogs through 
the reconstitution and ultimate replacement of the genes upstream (KCS) and downstream 
(HCD) of KCR with regard to the biochemical reaction series they catalyze in the FAE 
system.  As the platform has emerged, strains were developed that carry partially 
complemented FAE systems, and consist of mixed maize and yeast FAE components (Figure 
7).  These strains provide an additional means of investigating yeast VLCFA metabolism and 
the physiological consequence of these metabolic manipulations. 
Engineering this platform was made possible by first identifying each maize FAE 
component and demonstrating their functionality in yeast.  Genetic complementation 
experiments demonstrated that the maize orthologs can function with the other endogenous 
FAE components in yeast to generate VLCFAs, and thus for the first time functionally 
identify the maize KCS, KCR2, HCD and ECR FAE-components.  Complementation with 
the two ZmKCR components revealed a novel attribute.  Specifically, ZmKCR2 appears to 
have a preference for interacting with ELO-containing FAE systems, while the association of 
ZmKCR1 with ELO-containing FAE systems is detrimental to the production of VLCFAs.  
This finding is also supported in the bioengineered platform as the expression of ZmKCR1 in 
conjunction with ZmKCS revealed that ZmKCR1 might preferentially interact with KCS-type 
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FAE systems.  Whereas, ZmKCR2 elongation capabilities become complex as different 
combinations of KCS and ELO condensing enzymes are offered by the FAE systems.  The 
KCS complementation assay has shown that the ZmKCS paralog used in this study elongates 
fatty acids near exclusively to produce C26 products in yeast, a distinguishing characteristic 
of the sequence related CER6 protein of Arabidopsis and sequence unrelated ELO3 protein 
of yeast (14,45).   
Analysis of the HCD and ECR complementing strains showed that these components 
are more promiscuous with regard to the fatty acid species they can produce, which is 
consistent with the previous hypotheses of broad substrate elongation capabilities (28).  The 
replacement of the HCD component, within the bioengineered series, most notably, produces 
a marked reduction of VLCFA accumulation irrespective of the ZmKCR component 
contained within the FAE system.  Additionally, when qualitatively dissecting the VLCFA 
profiles that arise, ZmKCR1 diversifies its VLCFA pool outside of C26, whereas ZmKCR2 
enhances its pool providing the most yeast-like qualitative profile of each strain studied. 
 Collectively, this engineered series of yeast strains indicates that ZmKCR2 containing 
strains produce approximately twice the lipid-content (indicated by Nile Red fluorescence 
and confirmed by fatty acid analysis) than the ZmKCR1 expressing strains independent of the 
Scelo-KO background.  ZmKCR2 expression also produces a more diverse spectrum of 
VLCFAs across all bioengineered strains, and therefore provides the cell with a similar 
qualitative fatty acid profile to its wild-type state.  Both effects can potentially be explained 
by ZmKCR2’s nondiscriminatory interaction with KCS- and ELO-containing FAE systems.  
This characteristic would provide yeast cells with additional FAE capacity than the ZmKCR1 
expressing strain; the latter preferring KCS-containing FAE.   
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This discriminatory interaction difference by the two ZmKCS paralogs between 
different types of FAEs may be the explanation for the differential in planta effects of the 
glossy8a (ZmKCR1) and glossy8b (ZmKCR2) mutants (24).  Specifically, there is a 
significant reduction in epicuticular wax crystalloids on the surface of glossy8a mutant plants 
versus a near wild-type cuticular wax load in the glossy8b mutant plants.  These results 
coincide with our bioengineered maize FAE system in that, ZmKCR1 prefers KCS-
containing FAE, which is the main FAE providing VLCFAs for the cuticle, and thus the 
different cuticular wax phenotype of the glossy8a and glossy8b.  Further, these single mutant 
lines produced similar wax components, enhancing the notion that ZmKCR2 can function as 
the beta-ketoacyl reductase of KCS-containing and ELO-containing FAE systems.  These 
plant phenotypes also implicate that ZmKCR2 is not primarily involved in the FAE system 
that generates cuticular waxes, which could be explained by the preference that ZmKCR2 has 
for ELO-containing FAE systems.  In yeast, the ELO-containing FAE provides the VLCFA 
product essential for cellular development and incorporation into sphingolipids (53).  
Previous analyses on the sphingolipid content of the glossy8a mutant, glossy8b mutant, and 
the double mutant glossy8a, glossy8b revealed that long chain fatty acids associated with 
ceramides are affected by these mutations (24).  Specifically, glossy8a does not significantly 
affect the ratio of fatty acids to VLCFAs, nor the qualitative composition of the ceramides; 
whereas, the glossy8b mutant does.  Comparing the double mutant to the glossy8b single 
mutant shows that total fatty acids and fatty acid chain lengths associated with ceramides are 
decreased.  This data, in combination with our biochemical findings that ZmKCR2 elongates 
fatty acids with the ELO-containing FAE systems more effectively than ZmKCR1, indicates 
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that a role for ZmKCR2 is likely to involve the production of fatty acids for sphingolipids 
(Figure 11). 
A consequence of engineering maize FAE into both Scelo2-KO and Scelo3-KO 
strains offered a system to additionally investigate both ELO paralogs in vivo.  Our findings 
suggest that ELO3 is biocatalytic, whereas regulatory control of chain-length distribution and 
quantities of VLCFA products might be offered by ELO2.  This finding is consistent with the 
notion that condensing enzymes possess different substrate specificities and collectively 
represent the major enzymological locus for determining the rate (and chain length) in 
cellular lipids proposed by Jump and colleagues (54).  The potential regulatory control 
offered by ELO2 appears to be overridden when the maize KCS component is over-
expressed within the Scelo3-KO background.  In additional, five maize and four Arabidopsis 
ELO paralogs have been identified (Chapter III of this dissertation; (15)), and this yeast-
based system provides a platform for the continued investigation of these two classes of 
Claisen condensation enzymes. 
 The construction of a heterologous component replacement series within 
Saccharomyces cerevisiae for the investigation of maize FAE systems has revealed a novel 
function for both the two ZmKCR paralogs and a potential regulatory role for the yeast 
ELO2 protein.  Consistent with previous work on the maize KCR components, the two 
proteins participate in similar yet divergent functions within maize with ZmKCR1 being 
involved primarily for proper cuticular wax deposition via KCS-containing FAE, while 
ZmKCR2 appears to play a role in production of VLCFAs for the incorporation into 
sphingolipids via the ZmELO-containing FAE (Figure 11).   
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In silico analyses of the maize working gene collection (www.maizesequence.org) 
indicates that there are 24 putative FAE1-like KCS proteins in maize. Although this 
manuscript addresses maize FAE reconstitution using only a single maize KCS, a future goal 
is the isolation and functional characterization of each maize paralogous KCS component.  
Additionally, this yeast-based genetic platform allows for the swapping of FAE component 
genes, as well as the addition of new gene components, to allow the bioengineering of 
potentially novel FAE-derived products.  For example, the phylogenetic analysis of the KCR 
family of proteins has identified seven putative KCR families that exist within the plant 
kingdom.  Functionally evaluating members from each class by the bioengineered component 
replacement platform can provide insight into each subclass and address why such a large 
number of gene paralogs persist within the genome.  This approach is likely to identify 
subclasses that have a preference for different Claisen condensation paralogs and identify the 
relationships between enzymes specific to ELO-type and KCS-type FAE systems.  
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Figure 1.  Phylogenetic relationships among KCR enzymes based on the comparison of the 
amino acid sequences of the KCR family.  The MEGA package was used for the construction 
of the phylogenetic neighbor-joining tree.  Putative KCR sequences (including the 
Arabidopsis, maize and yeast KCR proteins) were first identified by the kingdom and then 
classified according to clade. 
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Figure 2.  Phylogenetic relationships among KCS enzymes based on the comparison of the 
amino acid sequences of the KCS family of proteins.  A neighbor-joining phylogenetic tree 
was constructed using 21 Arabidopsis, 24 maize and an additional 39 KCS proteins identified 
in the ThYme database. Yeast ELO proteins were used as an out-group.  Following tree 
construction, the proteins were classified according to homology to the eight Arabidopsis 
KCS subclasses identified by Joubes et al 2008. 
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Figure 3.  Genetic complementation of yeast FAE mutants by maize components.  
 
(A), (C), and (E) Non-inductive conditions (glucose containing media)  
(B), (D), and (F) Inductive conditions (galactose containing media) 
 
A) ZmKCR complemention.  Spores shown are from 1) ZmKCR1/Sckcr-KO, 2) 
ZmKCR2/Sckcr-KO; and 3) CEN.RO16 (wild type).  
B) Recovered spores from an individual tetrad of the heterozygous Schcd-KO strain 
containing ZmHCD.  1) Wild type (BY4742); 2) ZmHCD/Schcd-KO; and 3) wild type + 
ZmHCD 
C) Recovered spores from and individual tetrad of the heterozygous Scecr-KO strain 
containing ZmECR.  1) Wild type (W303); 2) ZmECR/Scecr-KO; and 3) wild type + 
ZmECR.  
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Figure 4.  Functional complementation of Scelo-KO strains with ZmKCS.   
 
(A) and (B) Growth curves of wildtype (ScELO2 or ScELO3), and the knockout strains 
Scelo2 or Scelo3 and strains expressing ZmKCS expression in the Scelo2-KO or Scelo3-KO 
backgrounds. Error bars represent ± SE measured from six replicates. 
(C) Fatty acid accumulation in the ZmKCS complementing strain series.  Fatty acids were 
measured at stationary phase (42 hours) in lyophilized cell pellets. Error bars represent ± SE 
measured from six replicates. 
(D) mol% of individual FAS generated and unusual fatty acid metabolites. 
(E) Total FAE generated fatty acids (fatty acids greater than C18).  Error bars represent ± SE 
of six replicates. 
(F) mol% of individual FAE generated fatty acids. 
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Figure 5.  Functional complementation of Sckcr-KO with the two ZmKCR paralogs.  
 
(A) Growth curves of wildtype (ScKCR), ZmKCR1 and ZmKCR2 in the Sckcr-KO 
background. Error bars represent ± SE from three biological replicates with two 
measurements each. 
(B) Fatty acid accumulation in the ZmKCR complementing strain series. Fatty acids were 
measured at stationary phase (42 hours) in lyophilized cell pellet. Error bars represent ± SE 
measured from six replicates.  The t-statistics for ZmKCR1 to wild-type, ZmKCR2 to wild-
type, and ZmKCR1 to ZmKCR2 complementing strains are 0.092, 0.076, and 0.0004 
respectively.  
(C) Total FAS generated and unusual fatty acids. Error bars represent ± SE measured from 
six replicates. The t-statistics for ZmKCR1 to wild-type, ZmKCR2 to wild-type, and 
ZmKCR1 to ZmKCR2 complementing strains are 0.09, 0.05, and 0.0001 respectively. 
(D) mol% of individual FAS generated and unusual fatty acids. 
(E) Total FAE generated fatty acids (fatty acids greater than C18). Error bars represent ± SE 
measured from six replicates.  The t-statistics for ZmKCR1 to wild-type and ZmKCR2 to 
wild-type, and ZmKCR1 to ZmKCR2 complementing strains are 0.01, 0.04, and 0.0001 
respectively. 
(F) mol% of individual FAE generated fatty acids. 
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Figure 6.  Functional complementation of Schcd and Scecr-KO’s with the ZmHCD and 
ZmECR, respectively.  	  
 
(A) Growth curves for two of the surviving spores from the genetic complementation of the 
HCD and ECR components: 1) wildtype from ZmHCD sporulation, 2) ZmHCD in the Schcd-
KO, 3) wildtype from ZmECR sporulation, and 4) ZmECR in the Scecr-KO. Error bars 
represent ± SE from three biological replicates with two measurements each. 
(B) Fatty acid accumulation in the ZmHCD and ZmECR complementing strains. Fatty acids 
were measured at stationary phase (42 hours) in lyophilized cell pellets. Two measurements 
were taken from three biological replicates and error bars represent ± SE of six replicates. 
(C) Total FAS generated and unusual fatty acids.  Error bars represent ± SE of six replicates. 
(D) mol% of individual FAS generated and unusual fatty acids. 
(E) Relative total FAE generated fatty acids (fatty acids greater than C18). Error bars 
represent ± SE of six replicates.  
(F) mol% of individual FAE generated fatty acids. 
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Figure 7.  Schematic of strain construction.  (A)  Bioengineered in the wildtype (BY4741) 
haploid background, the ELO2 and ELO3 genes were individually knocked out.  (B) The 
maize gene, ZmKCS, was transformed into each Scelo-KO background producing a Single 
Component Replacement strains (SCR).  (C) A maize KCR component (ZmKCR1 or 
ZmKCR2) was transformed into each SCR strain producing a Single Component 
Replacement plus ZmKCR1 or ZmKCR2 strain (SCR+KCR1 or SCR+KCR2).  (D) The 
native ScKCR gene was knocked out by homologous recombination with the dominant gene 
resistance cassette conferring resistance to Nourseothricin, producing the Double Component 
Replacement strains, DCR(KCR1) or DCR(KCR2).  (E) The third component replacement 
(Triple Component Replacement, TCR) was performed exclusively within the Scelo3-KO 
strain series, and was produced by the simultaneous insertion and knockout of the HCD 
component.  The ScHCD knockout was performed by homologous recombination of a gene 
conferring phosphinothricin resistance. 
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Figure 8.  Lipid accumulation assay: Nile red staining and visual scoring of fluorescence.   
 
(A) and (B) Panels are as follows:  I. Bright Field Image, II. YFP Fluorescence Filter (neutral 
lipids), III. Texas Red Fluorescence Filter (polar lipids), IV. Merge of YFP and Texas Red.   
 
Each strain contains staining results for two biological replicates. (A) Scelo2-KO series, (B) 
Scelo3-KO series, and (C) Visual scoring of the fluorescence.  ***Note that in the case of 
Scelo3-KO series (B), visualization under standard Texas Red fluorescence did not allow for 
adequate imaging.  For these strains, Scelo3-KO, SCR/elo3, SCR+KCR1/elo3, and 
DCR(KCR1)/elo3 fluorescence illumination was increased by 2-fold to appropriately 
visualize polar lipids.  	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Figure 9.  Strain growth and regeneration effects measured by doubling time.  Doubling time 
was calculated from growth curve generation on a BioTek microplate reader using Gen5 
analysis software.  Doubling time was used understand the long-term impact on cellular 
growth, and is reported from six replicates with the exception of the TCR strains (12 
replicates).  Error bars report ± standard error. 
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  Figure	  10.	  	  Detailed	  lipid	  profiling.	  	  Yeast	  strains	  were	  grown	  under	  inductive	  conditions	  and	  fatty	  acids	  were	  analyzed	  from	  stationary	  phase	  (42hr)	  cultures.	  	  	  (A)	  LCFAs	  (B)	  Unusual	  FAs	  	  (C)	  VLCFAs	  	  	  (1)	  Relative	  total	  quantities	  of	  fatty	  acid	  (nmol/mg	  of	  lyophilized	  cell	  pellet)	  (2)	  mol%	  of	  fatty	  acids	  within	  the	  individual	  class.	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Figure 11.  Schematic outlining the synthesis of VLCFA products and the proposed FAE 
systems that produce the different product pools.   
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Table 1.  Primers used to construct FAE reconstitution plasmids and yeast strains. 
Primer Name Primer Sequence (5’ to 3’)
ZmHCD-GatF CACCATGGCGGGCGTCGGCT
ZmHCD-GatR AGCGGCATGATGATGCCAAGCAAG
ZmECR-GatF CACCATGAAGGTCACGGTCG
ZmECR-GatR CTTCGCCTCTTCACAGGAACG
ECRcorrA2T CTTCTTCAGACGGCTGTGCTTGCCGAGCG
ScKCRDEL-FWD CAGTCTTCAAAGCAATCAATTCGTGTCGGTGCAGCTTAAGAAATGGCCGCCAGCTGAAGCTTCGTACGCTGCAGGTCGAC
ScKCRDEL-REV ATATATATGTATTGTATAAAAACTATCTCGAGAACGATAATTCTACGCGGCCGCATAGGCCACTAGTGGATCTGATATCA
ScHCDDEL-FWD
TCAGAATTGGTCCATCAAGAGCATCCAAAATACAAAATAACTCATCATCACACAAGAAGAAGCACAACTCCAAGCAATTTC
TACAATATGGCCGCCAGCTGAAGCTTCGTACGCTGCAGGTCGAC
ScHCDDEL-REV
TAGTGATTATGGTTAAGAGCGTTGAAGCCATTTCAATGTGAAGGCTAATATTCTTATAAAAAATACAGAAGAATTTATCTAAA
GAATTCACGCGGCCGCATAGGCCACTAGTGGATCTGATATCA
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Table	  2.	  	  Yeast	  strains	  used	  within	  this	  study.	  	  
	  
Strain Accession Description (Relevent) Genotype Source
BY4741 BY4741; Mat a Wild Type BY4741: Mat a; his3D1; leu2D0; met15D0; ura3D0 Open Biosystems
Scelo2-KO
ELO2, FEN1, 
YCR034w Haploid knockout strain BY4741: Mat a; his3D1; leu2D0; met15D0; ura3D0; YCR034w::kanMX4 Open Biosystems
Scelo3-KO
ELO3, SUR4, 
YLR372w Haploid knockout strain BY4741: Mat a; his3D1; leu2D0; met15D0; ura3D0; YLR372w::kanMX4  Open Biosystems
Sckcr-KO 
IFA38, 
YBR159w
Heterozygous diploid 
knockout strain
CEN.RO16: CEN.PK; Mat a/alpha:  his3D1/ his3D1; leu2D0/ leu2D0; lys2D0/LYS2; 
MET15/met15D0: ura3D0/ ura3D0; YBR159w::kanMX4/YBR159w Open Biosystems
Schcd-KO
PHS1, 
YJL097w
Heterozygous diploid 
knockout strain
BY4743: Mat a/alpha:  his3D1/ his3D1; leu2D0/ leu2D0; lys2D0/LYS2; MET15/met15D0; 
ura3D0/ ura3D0; YJL097w::kanMX4/YJL097w  Open Biosystems
Scecr-KO 
TSC13, 
YDL015c
Heterozygous diploid 
knockout strain
WDAM006(HE): W303; Mat a/alpha:  ura3-1/ ura3-1; his3-11/ his3-11; leu2-3_112/ leu2-3_112; 
trp1D2/ trp1D2; ade2-1/ade2-1; can1-100/can1-100;  YDL015c(4,702)::kanMX4/YDL015c Open Biosystems
SCR/elo2
Single Component 
Replacement in the Scelo2-
KO background BY4741: Mat a; his3D1; leu2D0; met15D0; ura3D0::URA3/ZmKCS; YCR034w::kanMX4 This work
SCR/elo3
Single Component 
Replacement in the Scelo3-
KO background BY4741: Mat a; his3D1; leu2D0; met15D0; ura3D0::URA3/ZmKCS; YLR372w::kanMX4  This work
SCR+KCR1/elo2
Single Component 
Replacement plus ZmKCR1 
in the Scelo2-KO 
background
BY4741: Mat a; his3D1; leu2D0::LEU2/ZmKCR1; met15D0; ura3D0::URA3/ZmKCS; 
YCR034w::kanMX4 This work
SCR+KCR1/elo3
Single Component 
Replacement plus ZmKCR1 
in the Scelo3-KO 
background
BY4741: Mat a; his3D1; leu2D0::LEU2/ZmKCR1; met15D0; ura3D0::URA3/ZmKCS; 
YLR372w::kanMX4  This work
SCR+KCR2/elo2
Single Component 
Replacement plus ZmKCR2 
in the Scelo2-KO 
background
BY4741: Mat a; his3D1; leu2D0::LEU2/ZmKCR2; met15D0; ura3D0::URA3/ZmKCS; 
YCR034w::kanMX4 This work
SCR+KCR2/elo3
Single Component 
Replacement plus ZmKCR2 
in the Scelo3-KO 
background
BY4741: Mat a; his3D1; leu2D0::LEU2/ZmKCR2; met15D0; ura3D0::URA3/ZmKCS; 
YLR372w::kanMX4  This work
DCR(KCR1)/elo2
Double Component 
Replacement with ZmKCS 
& ZmKCR1 in the Scelo2-
KO background
BY4741: Mat a; his3D1; leu2D0::LEU2/ZmKCR1; met15D0; ura3D0::URA3/ZmKCS; 
YCR034w::kanMX4; YBR159w::natMX4 This work
DCR(KCR1)/elo3
Double Component 
Replacement with  ZmKCS 
& ZmKCR1 in the Scelo3-
KO background
BY4741: Mat a; his3D1; leu2D0::LEU2/ZmKCR1; met15D0; ura3D0::URA3/ZmKCS; 
YLR372w::kanMX4; YBR159w::natMX4 This work
DCR(KCR2)/elo2
Double Component 
Replacement with  ZmKCS 
& ZmKCR2 in the Scelo2-
KO background
BY4741: Mat a; his3D1; leu2D0::LEU2/ZmKCR2; met15D0; ura3D0::URA3/ZmKCS; 
YCR034w::kanMX4; YBR159w::natMX4 This work
DCR(KCR2)/elo3
Double Component 
Replacement with ZmKCS 
&  ZmKCR2 in the Scelo3-
KO background
BY4741: Mat a; his3D1; leu2D0::LEU2/ZmKCR2; met15D0; ura3D0::URA3/ZmKCS; 
YLR372w::kanMX4; YBR159w::natMX4 This work
TCR(KCR1)/elo3
Triple Component 
Replacement with ZmKCS,  
ZmKCR1, ZmHCD in the 
Scelo3-KO background
BY4741: Mat a; his3D1::HIS/ZmHCD; leu2D0::LEU2/ZmKCR1; met15D0; 
ura3D0::URA3/ZmKCS; YLR372w::kanMX4; YBR159w::natMX4; YJL097w::patMX4 This work
TCR(KCR2)/elo3
Triple Component 
Replacement with ZmKCS, 
ZmKCR2, ZmHCD in the 
Scelo3-KO background
BY4741: Mat a; his3D1::HIS/ZmHCD; leu2D0::LEU2/ZmKCR2; met15D0; 
ura3D0::URA3/ZmKCS; YLR372w::kanMX4; YBR159w::natMX4; YJL097w::patMX4 This work
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Table	  3.	  KCR	  family	  of	  proteins.	  	  Protein	  GI	  numbers,	  amino	  acid	  characteristics,	  and	  classification	  information	  is	  listed.	  
Subclass
GenInfo Identifier 
(GI)
KCR Catalytic Motif 
(SX16YX3K)
ER Retention 
Motif
NADH Binding Motif 
(GX3GXGX3AX3AX2)
I gi_125540149 YES YES YES
gi_115447099 YES YES YES
gi_125582750 YES YES YES
gi_47847636 YES YES NO
gi_2586127 YES YES YES
ZmKCR1   YES YES YES
ZmKCR2    YES YES YES
gi_242065674 YES YES YES
gi_242073502 YES YES YES
gi_242076280 YES NO A1 to S
gi_115459050 YES YES YES
gi_116310470 YES YES  G3 to A
gi_2586123 YES YES No
II gi_148910781 YES YES  G3 to K
III gi_28565597 YES YES YES
gi_28565601 YES YES YES
AtKCR1       YES YES YES
gi_297838517 YES YES YES
gi_255647230 YES YES YES
gi_225424552 YES NO YES
gi_296081407 YES NO YES
gi_62956018 YES YES YES
gi_255547948 YES YES YES
gi_224107711 YES NO YES
gi_224100105 YES YES YES
IV gi_225424546 YES YES YES
gi_296081409 YES NO YES
gi_225424548 YES NO YES
gi_225424550 YES YES YES
gi_225424544 YES NO YES
gi_224107707 YES NO YES
gi_255547946 YES YES YES
gi_255547944 YES YES YES
gi_255547940 YES YES YES
V gi_255547942 YES NO YES
gi_255547938 YES NO YES
gi_224107705 YES NO YES
gi_62956020 YES NO YES
AtKCR2 YES NO YES
gi_297851132 YES NO YES
gi_222615913 YES NO YES
gi_115485301 YES NO YES
gi_326492698 YES NO YES
gi_242040913 YES NO YES
gi_326500400 YES NO YES
gi_118739191 YES NO YES
gi_242092848 YES NO YES
gi_242095572 YES NO YES
VI gi_302806316 YES YES  A1 site to C
gi_168013960 YES YES YES
gi_302760149 YES NO A1 site to C
VII gi_307110862 YES NO  A1 site to C
VIII gi_211963498 YES YES YES
IX gi_298707776 YES YES YES
gi_58613489 YES YES A1 site to S
X gi_91083689 YES NO YES
gi_66820432 YES YES  A1 site to C; G3 site to K
XI gi_167533213 YES NO YES
XII gi_115936913 YES NO YES
gi_224051016 YES YES YES
gi_14091750 YES NO YES
gi_9789991 YES YES YES
gi_73982080 YES YES YES
gi_67970631 YES YES YES
gi_59858251 YES YES YES
XIII ScKCR  YES YES YES
gi_320033233 YES YES YES
gi_40739180 YES YES YES
gi_239614290 YES YES A1 site to S
gi_239587170 YES YES A1 site to S
XIV gi_262105822 YES NO G3 site to R
KCR Family
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ABSTRACT 
 
Fatty acids that are more than 18 carbon atoms in length are classified as very long 
chain fatty acids, and they are synthesized by a complex system of proteins collectively 
called fatty acid elongase (FAE).  The FAE system is composed of four enzyme components 
that act in an iterative cycle of a Claisen condensation, reduction, dehydration and second 
reduction reaction.  With each iteration of the cycle, a preexisting fatty acid is elongated by 
two carbon units. In mammals and yeast the enzyme performing the Claisen condensation 
reaction are the biochemically confirmed ELO paralogs, and in plants this reaction is 
catalyzed by the biochemically confirmed KCS paralogs.  Recently four ELO proteins were 
identified in Arabidopsis: AT3G06460 (AtELO1), AT4G36830 (AtELO2), AT3G06470 
(AtELO3), and AT1G75000 (AtELO4), and like their yeast orthologs they do not share any 
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sequence similarity to the KCS condensing enzymes.  This manuscript addresses the 
characterization of these ELO proteins by an integrating primary structure characterization 
and transcriptome profiling data, coupled with the metabolomic and morphological 
phenotyping of mutant stock that lack one, two or three of the ELO proteins.  These 
characterizations provides evidence that ELO-containing FAE systems participating in 
VLCFA biosynthesis of non-cuticular lipids; suggesting that metabolically the Arabidopsis 
ELO proteins play independent but to some degree parallel functions as the KCS condensing 
enzymes. 
 
 
Introduction 
Fatty acids of carbon chain length 20 and above are classified into a unique class of 
molecules, called very long chain fatty acids (VLCFAs).  These fatty acids are involved in 
diverse physiological functions including maintenance of membrane curvature, cell signaling, 
metabolic storage and protection against environmental stresses (1-5).  Uses for these 
molecules have developed within industry and include the production of cosmetics, 
pharmaceuticals, lubricants, plasticizers, and more recently the deepened interest in 
biorenewable fuels and chemicals.  Collectively, the need to fully understand the biochemical 
mechanism behind VLCFA biosynthesis is growing.   
VLCFAs are biosynthesized by a multienzyme integral membrane system of proteins 
referred to as fatty acid elongase (FAE or elongase), which is generally agreed to be 
associated with the endoplasmic reticulum (ER).  FAE is an iterative series of reactions 
analogous to the reaction series of de novo fatty acid biosynthesis (FAS), with the following 
	   71	  
exceptions: 1) the pantetheine acyl group carrier for FAS is acyl carrier protein (ACP) 
whereas FAE uses Coenzyme A (CoA), 2) the substrates used for the FAS reactions are 
acetyl-CoA and malonyl-ACP whereas FAE uses an acyl-CoA primer (synthesized by FAS) 
and a malonyl-CoA molecule, and 3) in plants the cellular location for FAS biosynthesis is 
plastidic (i.e. within the chloroplast) versus the cytosolic ER-bound FAE.  Over the last 
decade VLCFA biosynthesis has been elucidated as the enzyme components that carry out 
individual FAE reactions have been identified and characterized from Arabidopsis, maize, 
and yeast.  The archetypal enzymes are the 3-ketoacyl-CoA synthase (KCS – genetically 
defined by the FAE1 locus of A. thaliana), 3-ketoacyl-CoA reductase (KCR – genetically 
defined by the Glossy8a locus of Z. mays), 3-hydroxyacyl-CoA dehydratase (HCD – 
genetically defined by the PHS1 locus of S. cerevisiae), and an enoyl-CoA reductase 
(genetically defined by the TSC13 locus of S. cerevisiae).  Adding complexity to FAE within 
plant systems, there appears to be two types of enzymes that catalyze the initial Claisen 
condensation-reaction that creates the new C-C bond within the iterative series of reactions 
of FAE.  These being the FAE1 related KCS-like proteins and the ELO-like proteins initially 
defined in yeast as the ELO genetic loci (6,7).  KCS enzymes share no sequence similarity 
with the ELO-type enzymes, and the latter therefore provide a unique and potentially 
redundant plant specific FAE Claisen condensation reaction.    
Detailed genomic characterization of the baker’s yeast (Saccharomyces cerevisiae) 
ELO family identified three ELO proteins (ELOps), ELO1, ELO2 and ELO3; on the contrary, 
there are no KCS enzymes within yeast.  Genetic characterizations have identified each ELO 
enzyme’s physiological role in the FAE system.  ELO1 was the first to be identified and is 
responsible for elongation of fatty acids from chain lengths of C12 and C14 to generate C16 
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fatty acid products (7).  ELO2 and ELO3 proteins were later identified by sequence similarity 
to ELO1 and their physiological functions were confirmed as key to the synthesis of 
VLCFAs (8).  ELO2 is involved in the biosynthesis of monounsaturated and saturated fatty 
acids from C18 to C24, showing preference for the conversion of C22 to C24 (8).  ELO3 acts 
on a broader range of substrates than both ELO1 and ELO2 (C18 to C26), and additionally, it 
is the sole ELO enzyme capable of converting C24 to C26 fatty acid.  C26 fatty acid is the 
most prevalent and utilized VLCFA in yeast, because it is the preferred substrate for VLCFA 
incorporation into ceramides (5).  Additionally, in yeast both ELO2 and ELO3 enzymes are 
found to affect sphingolipid biosynthesis (8). 
Within Arabidopsis, four ELO proteins have been identified and are encoded by 
genes: AT3G06460 (AtELO1), AT4G36830 (AtELO2), AT3G06470 (AtELO3), and 
AT1G75000 (AtELO4) ((9), Dietrich and Cahoon, unpublished work).  Their role in fatty 
acid biosynthesis, particularly in VLCFA biosynthesis has yet to be confirmed, however, it is 
hypothesized that the fatty acid products synthesized by ELO-containing FAE systems are 
utilized in sphingolipid and phospholipid biosynthesis (10). 
The Plant Metabolomics 2010 Consortium was established to generate and evaluate 
Arabidopsis metabolomics data as a tool for generating hypotheses concerning the metabolic 
and physiological function of genes of unknown function (GUFs).  It integrates seven 
analytical platforms, each of which provides relative abundance data on nearly 1500 
metabolites.  This effort exploits the reverse genetics approach by identifying the metabolic 
consequence of loss-of-gene function associated with T-DNA tagged Arabidopsis lines.  This 
project has integrated the Arabidopsis ELO knock-out series generated by Dietrich and 
Cahoon (unpublished) into this high throughput project and provided detailed metabolite data 
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among the single knock-out lines Atelo2; Atelo3; Atelo4; double knock-out lines Atelo2 
Atelo3; Atelo2, elo4; Atelo3, elo4; and the triple knock-out line Atelo2, elo3, elo4.  This 
manuscript begins to address the metabolic function of the ELO proteins by the combined 
investigation of protein properties, transcript expression, morphological analysis, and 
metabolomics.  
 
EXPERIMENTAL PROCEDURES 
Protein Properties and Phylogenetic analysis –  
Prediction of isoelectric point (pI) and transmembrane domains were performed on 
the four Arabidopsis ELO proteins in San Diego Supercomputer Center (SDSC) Biology 
Workbench (http://workbench.sdsc.edu) using the program tools, PI (Isoelectric point 
determination) and TMHMM 2.0.  Putative ELO sequences from maize were identified from 
sequence similarity to the Arabidopsis and yeast ELO proteins by BLASTing cDNAs from 
the ZmB73 AGPv2 working gene set using tBlastn with an e-value cut-off of 1E-10.  A 
neighbor-joining phylogenetic tree with 1000 bootstrap replicates was constructed using 
MEGA 5.0 from the amino acid sequences of the A. thaliana, Z. mays, S. cerevisiae, and H. 
sapien ELO proteins (11). 
Expression analysis –  
Investigation of transcript abundance was performed using the Arabidopsis whole 
genome Tiling 1.0R Array (At-TAX) data (12) and the AGRONOMICS1 array (13) 
registered at ArrayExpress (accession no. A-AFFY-155, E-MEXP-2472, E-MEXP-2480, and 
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E-TABM-870).  Visualization of the transcript data was performed using the web browsers, 
Tileviz, www.tileviz.com and Genevestigator, www.genevestigator.com, (14), respectively. 
Genetic material and standard growth conditions –  
Arabidopsis mutant seed stocks are in the ecotype Col-0 background (15).  These 
stocks include the single knock-out lines of Atelo2 (At4g36830; SALK_075185), Atelo3 
(At3g06470; SALK_109405) and Atelo4 (At1g75000; SALK_083029) and the double and 
triple knock-out combinations of these three Atelo-KO lines (i.e. Atelo2, elo3; Atelo2, elo4; 
Atelo3, elo4; and Atelo2, elo3, elo4).  The AtELO1 gene was left out of these experiments 
because a genetically stable single knock-out line has not been identified.  Standardized plant 
growth conditions including temperature (24 + 2 °C), illumination (50 + 10 µE m-2 s-1) and 
humidity (100% relative humidity) were strictly controlled/maintained across growth periods 
to minimize environmental effects on metabolism. Seeds were sterilized and sown onto 
plates containing a defined growth medium previously reported by Fiehn and colleagues (16). 
A cold treatment was preformed for 4 days and seedlings were grown.  At 20 days after 
sowing, the aerial portions of plants were collected and analyzed. Upon harvest, plant 
material was either quenched by immersion in liquid nitrogen and stored at -80°C, or directly 
extracted in the cases of the cuticular wax and lipidomics platforms. More details may be 
obtained within the metadata included at the project web portal, 
www.plantmetbolomics.org/ver2 (17). 
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Morphological data collection –  
Digital Camera Imaging – Plate images were captured in a controlled growth 
environment at 6, 9, 13, and 16 days after imbibition (DAI) with a color digital camera 
(Canon EOS Rebel XS Digital Camera, www.usa.canon.com). 
Root Length Determination – Root length was determined using Image J software of 
all digital camera images (18). For each plate, a conversion scale was determined to convert 
the pixel measurements to millimeters (mm).  Using the straight-line tool, this length was 
determined in pixels and then converted to mm.  The average root length and corresponding 
standard error were calculated for each plate imaged at each specified DAI. Statistical 
significance of the measurements was determined by performing a paired t-test 
(http://www.graphpad.com/quickcalcs/index.cfm).  
Estimate of surface area of the aerial tissue – Using Adobe Photoshop CS 3 and 
AppleScript automation, each image was resized to the 13 mm square reference matrix in 
each image.   To measure surface area the Select>Color Range Method was used to select all 
the pixels in the green range of the visible color spectrum as defined by LAB color with 
Maximum Fuzziness (integer value 200).  The number of pixels selected by this method was 
then converted into mm. 
 
Metabolomics analytical platforms –  
The metabolomics platforms used were provided by five different analytical labs 
(Fiehn, Lange, Nikolau, Sumner, and Welti) and include the targeted platforms isoprenoids, 
phytosterols, cuticular wax, fatty acids, and lipids; and non-targeted platforms provided by 
GC-TOF and UPLC-Q-TOF metabolite profiling approaches.  Details for each platform and 
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data for the Atelo-specific experiment is linked to Experiment 2 on the Plant Metabolomics 
web portal (www.plantmetbolomics.org/ver2).  Pooled aerial tissue from plants 20 days after 
sowing was used for metabolite analysis. 
 
Statistical analyses –  
The nonparametric Kruskal-Wallis Test was used to evaluate differences in individual 
metabolite abundance among mutant lines.  If the p-value for a metabolite was less than 0.06, 
the abundance of that metabolite in each mutant was compared to that in the wild-type using 
Wilcoxon rank sum test and Steel’s multiple comparison adjustment.  These computations 
were done using JMP Pro 9.0.  
Metabolome differences among mutants were assessed by computing a variance-
weighted metabolic distance (collective measure of the plant’s metabolic variation) between 
each pair of samples.  These distances were computed and analyzed using a Mantel test 
separately for each platform.  This test assesses whether the metabolic distance between two 
samples from different mutants is larger than that between two samples from the same 
mutant.  A larger distance between mutants than within mutants indicates a difference among 
mutants in their metabolite profile.  P-values were computed using a randomization test, i.e. 
relabeling each sample randomly to estimate the distribution of the test statistic under the null 
hypothesis of no differences among mutants.  If an overall test of differences among the 8 
mutants was significant (p < 0.05), each mutant was compared to the control.   
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RESULTS 
Phylogenetic analysis –  
Yeast and mammalian ELO proteins are very hydrophobic, containing 5–7 
transmembrane domains spread evenly throughout the protein sequence.  The KCS proteins 
have a small membrane anchor of 1–2 transmembrane domains focused at the N-terminus 
portion of the protein (19-21).  KCS enzymes have a conserved active site cysteine-residue, 
which does not occur in the ELO proteins (22).  However, the ELO proteins of yeast and 
mammals contain a His motif (HXXHH), which is characteristic of desaturase/hydroxylase 
activity and was originally found in fatty acid desaturases as a requirement for chelation of 
iron in catalysis (23).   
Examination of hydrophobicity, pI, transmembrane domains, and sequence 
conservation within the four Arabidopsis ELO-type Claisen condensation enzymes was 
performed (Table 1). The isoelectric points were determined to be 9.473 (AtELO1), 10.984 
(AtELO2), 9.150 (AtELO3), and 10.321 (AtELO4). Prediction of transmembrane domains 
revealed that AtELO1, AtELO2, and AtELO3 are all predicted to have seven transmembrane 
spanning regions, which are spread relatively evenly along the length of the proteins. 
AtELO4 is predicted to have six transmembrane spanning regions.  An initial ClustalW 
sequence alignment was performed on the four Arabidopsis ELO proteins and the three yeast 
ELO proteins.  AtELO1 and AtELO3 contain the His-box motif, whereas, AtELO2 and 
AtELO4 do not contain this motif (Figure 1). Based on sequence homology to the 
Arabidopsis and yeast ELO proteins, five putative maize ELO proteins were identified (Table 
1).  One, ZmELO (GRMZM2G037152_T01) retains the classical characteristics of ELO 
proteins, namely a His-box motif, a high pI of 10.27, and is predicted to have seven 
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transmembrane domains.  The remaining four maize ELO proteins have high pI, but lack the 
His-box motif (Table 1).  Interestingly, two of the putative maize ELO proteins, ZmELO-
GRMZM2G105184 and ZmELO-GRMZM2G036927_T03 appear to contain the conserved 
cysteine residue classic of KCS enzymes (data not shown).  
 A neighbor-joining phylogenetic tree was constructed from the amino acid sequences 
of the A thaliana, Z. mays, S. cerevisiae, and H. sapien (Figure 2).  This analysis revealed 
that the AtELO2 and AtELO4 fall into a subclass that is more closely related to three maize 
ELO proteins than the other Arabidopsis paralogs (AtELO1 and AtELO3).  The relationship 
was investigated further by sequence analysis of the ELO motifs identified by Jakobsson and 
colleagues (2006).  Table 1 provides these results, and confirms that AtELO2, AtELO4, and 
the maize ELO proteins present new classes of ELO-like enzymes that lack the classical ELO 
characteristics. Finding that the majority of Arabidopsis and maize ELO proteins lack the 
His-box motif potentially indicates different yet specific biochemical roles that have evolved 
with regard to the metabolic products and pathways each participates in. 
Transcriptomic analysis –  
Analysis of the publically available Arabidopsis whole genome transcript data (At-
TAX and ARGONOMICS1 Tiling Array data) reveals differential expression patterns across 
the AtELO2, AtELO3 and AtELO4 genes.  AtELO1 (At3G06460) is primarily a root specific 
ELO, which has relatively low expression levels across all aerial tissues including 
reproductive organs (Figure 3 and 4).  The level of AtELO2 (At4G36830) expression is 
relatively low across all tissue types assayed, while AtELO3 (At3G06470) is highly expressed 
across all plant tissues with the exception of reproductive tissues.  AtELO4 (At1G75000) has 
a medium level of expression, although its expression surpasses all other ELO transcripts 
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within the reproductive tissues (i.e. inflorescence and whole flower).  Data reported for the 
young/juvenile leaf (which is the tissue type that was processed by the Metabolomics 2010 
Project) predicts that AtELO3 is the primary contributor of AtELO transcript; with the 
estimated abundance of AtELO products being 0.24-0.37:0.48-0.62:2.77-2.81:1 for 
AtELO1:AtELO2:AtELO3:AtELO4 respectively. 
Morphological phenotype analysis –  
The Metabolomics 2010 Project gathered morphological data to measure the effect of 
each mutation on growth of the seedling.  This was done by estimating surface areas of aerial 
tissue and measuring the length of the primary root length from the Atelo knock-out and 
wild-type Arabidopsis lines at 6, 9, 13, and 16 days after imbibition.  The Arabidopsis knock-
out lines analyzed were the Atelo2; Atelo3; and Atelo4 single mutants, the Atelo2, Atelo3; 
Atelo2, Atelo4; and Atelo3, Atelo4 double mutants, and the Atelo2, Atelo3, Atelo4 triple 
mutant.   
Knocking out an ELO gene produces a significant reduction in both surface area 
(Figure 5) and primary root growth as compared to wild-type (Figure 6).  Aerial surface area, 
which is an estimate of seedling growth, was severely affected by each of the Atelo knock-
outs across all time points examined.  Tissue growth was most dramatically affected in the 
double knock-out lines that contained the Atelo3 gene T-DNA insertion (Atelo2, elo3 and 
Atelo3, elo4).  Primary root growth was affected in the double knock-out lines that contained 
the Atelo2 gene T-DNA insertion (Atelo2, elo3 and Atelo2, elo4).   These morphological 
results are consistent with transcript expression data in that a deletion of the AtELO3 gene 
would most severely affect seedling growth, as it is the most abundant transcript in aerial 
tissue. 
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Metabolome analysis of the Arabidopsis elo-KO lines –  
The pooled data generated by the Metabolomics 2010 Consortium (Fiehn, Lange, 
Nikolau, Sumner and Welti) represent a portion of the plants’ metabolome, focusing on the 
identification and quantification of glycerolipids, fatty acids, amino acids, ceramides, 
cuticular waxes, phytosterols, tocopherols, chlorophylls and carotenoids.  A total of 1378 
metabolites were evaluated and include both chemically known (mass-spectra identified) 
metabolites (659 metabolites) and metabolites whose chemical nature is unknown (719 
metabolites).  To identify metabolites that have altered accumulation patterns among the 
mutants, a nonparametric test was performed.  This resulted in the identification of 95 
metabolites, 53 known and 42 unknown, whose abundance was altered in one or more of the 
mutants (Table 2).  A total of 54 metabolites, 33 known and 21 unknown, were shown to 
have differential accumulation patterns as compared to wild-type (p-value of <0.05). The 
remaining 41 metabolites exhibit changes in metabolite accumulation outside of the 
comparison to wild-type and therefore indicate a change within the Atelo-KO lines.   
Metabolites that showed differential accumulation between a mutant and wild-type 
were mapped onto a Venn diagram to indicate their distribution among the single, double, 
and triple Atelo-KO lines (Figure 7A).  From this analysis, it is apparent that the double 
mutant, Atelo2, elo3, has the largest number of metabolic changes as compared to the wild-
type.  Interestingly, the triple elo knock-out does not enhance the effect seen in the Atelo2, 
elo3 double mutant; and the number of differential metabolites and type of metabolites 
decreases.  
Focusing solely on the chemically known metabolites that differentially accumulate 
between wild-type and mutant, each metabolite was classified into categories based on the 
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metabolic pathways to which they belong.  These include but are not limited to carotenoid 
biosynthesis, porphyrin and chlorophyll metabolism, lipid metabolism (i.e. polar membrane 
lipids, extra-plastidic synthesized, FAS, FAE, signaling/stress response, and cuticular waxes), 
steroid metabolism, terpenoid biosynthesis, starch and sucrose metabolism, amino acid 
metabolism, pentose phosphate pathway, glycolysis/gluconeogenesis, and flavonoid 
biosynthesis (Table 2A and B).   
To build on the understanding of the ELO proteins’ biochemical function within FAE, 
VLCFAs and their derivatives were also assessed.  In doing so, the following assumptions 
were made: 1) FAE products are fatty acids and derivatives of greater than C18, and 2) any 
glycerolipid and phospholipid that contains a total carbon length greater than 36 contains a 
VLCFA (based on the fact that these metabolites contain two fatty acids per molecule).  
Within the limits of our profiling capabilities there were 104 metabolites that contain 
VLCFAs and their derivatives (contained in three targeted metabolomics analytical 
platforms: cuticular waxes, fatty acids, and lipidomics).  Within these three platforms, the 
metabolites evaluated by the cuticular waxes platform is the one exception and does not 
appear to be affected by a deletion in one or more ELO genes, evidenced by a sole VLCFA-
derived change (Figure 7B).   
Among the fatty acid platform, five VLCFA-containing molecules varied in 
abundance as compared to wild-type (Table 2B): 1-icosanol (C20 alcohol, metabolite #23), 
1-docosanol (C22 alcohol, metabolite #25), eicosanoic acid (C20 acid, metabolite #30), 
docosanoic acid (C22 acid, metabolite #29), and tetracosanoic acid (C24 acid, metabolite 
#36).  These metabolite differences are spread among all the genotypes examined with the 
exception of the Atelo3 knock-out (Figure 7C and Table 2B).  The genotypes Atelo2, elo4; 
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Atelo3, elo4; and Atelo2, elo3, elo4 all exhibit increases in C20 and C22 primary alcohol 
abundance.  Moreover, C22 fatty acid increases in abundance in the Atelo2, elo4 line.  In the 
Atelo2, elo3 genotype, C20 primary alcohol abundance increases, whereas, both C20 and 
C24 fatty acids decrease.  Interestingly, metabolite 23 (Icosan-1-ol) accumulates to lower 
levels in the single knock-out lines Atelo2 and Atelo4, whereas, all double and the triple lines 
show increased accumulation.  Collectively, these analyses indicate that knocking out ELO 
genes results in altered accumulation of “shorter” VLCFAs and alcohols (i.e., 20, 22, and 24 
carbon chain lengths), and does not seem to affect the longer chain length VLCFA and 
derivatives (>26 carbons), which predominate the metabolites evaluated in by the cuticular 
wax analytical platform. 
Although fatty acid molecules contained within these lipids are also assayed in the 
fatty acid platform, information regarding how these fatty acids are incorporated into lipid 
molecules is not attainable from that dataset.  The lipidomics platform provides a detailed 
understanding of how the fatty acids are utilized to assemble complex lipids, which make up 
the membranes and other cellular entities.  The lipidomics analytical platform identified 11 
metabolites that are significantly different from the wild-type, and six contain at least one 
VLCFA (Table 2A).  The identified lipids that contain a VLCFA show consistent abundance 
difference patterns across genotypes and lipid types.  For example, phosphatidylcholine (PC) 
40:5 (metabolite #7) and PC 40:4 (metabolite #8) both increase in abundance, while 
phosphatidylethanolamine (PE) 38:2 (metabolite #11) and PE 42:4 (metabolite # 12) 
decrease in abundance in the Atelo3 single knock-out, the Atelo2, elo4 double knock-out and 
the Atelo2, elo3, elo4 triple knock-out (Figure 7D and Table 2A).  In addition, 
phosphatidylinositol (PI) 34:3, 36:5 and 36:6 decrease in accumulation within the double 
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knock-out Atelo2, elo3 line (Table 2A).  Collectively, these results indicate that the 
Arabidopsis ELO proteins may function in the synthesis of fatty acids for incorporation into 
the phospholipids PE and PI.  Moreover, the increased accumulation of VLCFA-containing 
PC phospholipids may be a consequence of FAE precursor build up and siphoning into PC 
production.   
Secondary metabolic effects, namely changes in the metabolic pools outside of 
VLCFAs and their derivatives, were examined using the Venn diagrams of the remaining 
metabolites.  The isoprenoid analytical platform reveals one such effect, identifying nine 
metabolites that are significantly different from the wild-type levels (Table 2A).  Moreover, 
eight accumulate differently in the Atelo2, elo3 double knock-out line (Figure 7E).  Five of 
the metabolites are chemically known (i.e. lutein, alpha and beta carotene and chlorophyll A 
and B), all of which are involved in photosynthesis.   
To compare the entire metabolomes among the different genotypes, metabolic 
statistical distances, a measurement of collective change within a metabolome, were 
calculated.  Pairwise assessments between knock-out lines are presented for each analytical 
platform (Figure 8A).  For example, the metabolome of an individual Arabidopsis genotype 
was compared to the related mutant lines (e.g., Atelo2 to Atelo2, elo3; Atelo2 to Atelo2, elo4; 
Atelo2, elo3 to Atelo2, elo3, elo4, etc.).  Comparing the metabolomes of each platform, 
amongst the respective mutant combinations, revealed most platforms (i.e., cuticular wax 
(Figure 8B), lipidomics (Figure 8C), non-targeted metabolome analyzed by GC TOF (Fiehn 
platform; Figure 8D) and UPLC (Sumner platform; Figure 8E) revealed no genotype specific 
changes in these metabolomes.  However, the comparisons within the fatty acid, isoprenoid, 
and phytosterol platforms show genotype specific changes in these metabolomes. 
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Within the fatty acid platform, metabolomes of the single knock-out lines do not 
significantly differ from wild-type, whereas each double knock-out and the triple knock-out 
lines do differ from wild-type (Figure 8F).  Further, the comparisons between the 
metabolomes from single knock-out lines with the metabolomes from respective double 
knock-out lines also differ.  For example, the fatty acid metabolome of Atelo3 is not 
significantly different than wild-type, but the metabolomes of Atelo2, elo3 and Atelo3, elo4 
are significantly different than wild-type and related single knock-out Atelo3 (Figure 8F).  
However, the metabolomes of the single knock-out Atelo4 and the related Atelo2, elo4 do not 
differ (Figure 8F).  Together, these results indicate a multifaceted interaction among ELO2, 
ELO3 and ELO4, where the elimination of ELO3, in relation to the other ELO enzymes, is a 
key indicator to the major biological function contributed by this protein in fatty acid 
metabolism.   
Similar comparisons within the isoprenoid metabolome indicate significant 
differences between wild-type and the Atelo2, elo3 double knock-out and Atelo2, elo3, elo4 
triple knock-out lines (Figure 8G).  In addition, the comparison of the single knock-out 
Atelo2 or Atelo3 to the double knock-out Atelo2, elo3 and the comparison between the 
double knock-outs to the triple knock-out all stagger significant changes in the isoprenoid 
metabolomes.  These additive metabolic differences in the isoprenoid pools (i.e., lutein, alpha 
and beta carotene, and chlorophyll A and B) may be indicative of the fact that in the double 
and triple mutants, plant growth and subsequently photosynthesis, are impacted by the 
combinations of these elo mutants. 
In addition to fatty acids and isoprenoids, the abundance of phytosterols is also 
affected in the absence of ELO(s) as compared to wild-type.  The phytosterol profiles from 
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all knock-out combinations, with the exception of Atelo2, elo4 double mutant, significantly 
differ from wild-type (Figure 8H).  In addition, the phytosterols from Atelo2 and Atelo2, elo3 
also differ (Figure 8H).  These results may indicate that knocking out one or more Atelo 
genes causes changes within the entire metabolome that cause significant secondary 
metabolic effects, that impact the accumulation of phytosterols.  Collectively, this analysis 
has provided increased confidence that the ELO proteins in Arabidopsis act within the FAE 
system, but their function is somehow not constrained to only impact VLCFAs that are 
destined for cuticular wax biosynthesis.  Rather these data implicate that the ELO genes are 
meeting other cellular VLCFA requirements (e.g., within membrane lipids and/or for 
metabolic signaling). 
  
DISCUSSION 
This manuscript describes characterizations of the Arabidopsis homologs of the yeast 
ELO proteins that in yeast catalyze the Claisen condensation reaction in the FAE reactions.   
This marks the first detailed characterization of the ELO proteins in higher plants (19).  The 
combinative approach taken in this study links phylogenetic analysis, transcript-profiling 
data, reverse genetics approaches which evaluates morphological phenotyping, and 
metabolomics data.  The reverse genetic studies focused on three of the four ELO proteins 
that occur in Arabidopsis.  The exception was AtELO1, which is expressed only in roots, and 
genetically stable knock-out alleles have not yet become available.  This study took 
advantage of a series of Arabidopsis mutant stocks in which one or more of the three 
remaining ELO-coding genes were knocked-out individually or in combination with each 
other.  This provides a comprehensive series of Atelo knock-out strains.  Each of these 
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Arabidopsis lines (three single knock-outs  – Atelo2; Atelo3; Atelo4; three double knock-outs 
– Atelo2, elo3; Atelo2, elo4; Atelo3, elo4; and the triple knock-out – Atelo2, elo3, elo4) was 
analyzed by the seven analytical and two morphological platforms contained within the 
Arabidopsis Metabolomics 2010 Project umbrella (www.plantmetbolomics.org/ver2). 
To understand the context of this study, it is necessary to note that there are two 
proposed FAE systems that exist in Arabidopsis, which appears to be a universal 
characteristic in the plant kingdom, namely ELO- and KCS-containing FAEs.  The 
biochemically confirmed KCS enzymes, which are known to catalyze the Claisen 
condensation reaction for VLCFA production (24), are involved in cuticular wax 
biosynthesis and in some plant species, seed lipid storage (2,6,25-28).  ELO enzymes in yeast 
were biochemically confirmed to provide this Claisen condensation functionality in the FAE 
system that generates VLCFAs production (29).  It has been hypothesized that the ELO 
homologs also have this function in plants, but this remains unknown.  The ELO and KCS 
proteins do not share significant sequence homology nor characteristics that would be 
consistent with both enzymes playing the same biochemical function within FAE (2,19-21).  
Primary structure characterizations of the Arabidopsis and maize ELO proteins indicate that 
half of the Arabidopsis and the majority of the maize ELO proteins do not share all of the 
classic ELO protein characteristics.  These findings may indicate that the plant ELO proteins 
are a specific class of ELO enzymes that have progressive biochemical roles with regard to 
the metabolic functionality in different metabolic pathways. 
The FAE Claisen condensation reaction is thought to represent the major mechanism 
for determining the rate of catalysis and chain length specificity of the overall FAE system 
(30,31).  As such, the KCS enzymes have specific elongation capabilities, and are 
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differentially expressed, enabling cellular control of the VLCFA pool (32,33).  Like the KCS 
proteins of Arabidopsis and ELO proteins of yeast and mammals, transcript abundance 
analysis established that the four ELO genes have different expression patterns.  
Phenotypic analysis of the Arabidopsis elo deletion series demonstrates that these genes 
contribute functionalities that support normal growth of both aerial and root tissues.  Further, 
aerial tissue growth was most severely affected in the double knock-out lines carrying the 
elo3 T-DNA insertion allele (i.e. Atelo2, elo3 and Atelo3, elo4 double mutants).  These 
findings correlate with the transcriptome data, obtained from the Tiling 1.0R Array (At-
TAX), which indicates that the ELO3 transcript is the most prevalent of the four ELO 
transcripts within vegetative tissues.  Analysis of plant growth also indicates that the genetic 
perturbations producing the double knock-out lines exhibit a more extreme phenotype than 
the triple knock-out; namely the triple mutant grows more vigorously than any of the double 
mutants, more similar to the single knock-out state.  In addition, the morphological effects 
within the aerial tissue are mirrored within the isoprenoid platform that shows decreased 
abundance of the photosynthetic components in Atelo2, elo3, and overall metabolic changes 
within the isoprenoid metabolome.  The secondary effect identified within the phytosterol 
metabolic distance analysis builds on the decreased abundance of photosynthetic components 
as a consequence of plant development. Previous work, in Arabidopsis, shows that negligible 
amounts of the phytosterol cycloartenol has been linked to albino inflorescence shoots in 
Arabidopsis and decreased amounts of cycloartenol is linked with low amounts of 
carotenoids and chlorophylls (34).  Our data indicates that cycloartenol is altered in the single 
knock-out line Atelo2 and the double knock-out lines Atelo2, elo3; and Atelo3, elo4 (Table 
1A, metabolite #19).  
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It is unclear how the ELO proteins function within plants and why plant systems 
retain two types of FAE Claisen condensation enzymes.  It has been hypothesized that ELO 
proteins play a role in the production and incorporation of VLCFAs into membrane lipids 
and secondary metabolites (9,19,20).  This hypothesis is supported by the fact that the yeast 
genome does not appear to contain any KCS homologs, and as such, yeast’s requirement for 
VLCFAs within sphingolipids is supplied by ELO-type FAE systems.  For the first time in 
this study, the AtELO proteins were collectively examined within a system that selectively 
knocks down total ELO enzyme activity and assays for how this affects metabolism within 
plants.   
Data collected and collated by the Metabolomics 2010 Project has allowed us to 
assess the biochemical functions of AtELOs.  We found that metabolites associated with 
cuticular wax biosynthesis remain unaffected by loss of ELO function, whereas, cellular 
VLCFA containing lipids and VLCFA derivatives are significantly altered, specifically, C20-
C24 fatty acids and fatty alcohols.  It is interesting that in yeast C24 to C26 elongation 
capabilities is specifically associated with the ELO3 protein, and this is associated with 
lysine 266 that resides at the luminal end of transmembrane helix 6 of this protein (29).  
Sequence comparisons show that AtELO1 and AtELO3 (those that retain the His-box motif) 
lack this lysine residue (Figure 1).  Our metabolite profiling data corroborates this hypothesis 
in that the Arabidopsis ELO proteins do not affect fatty acid elongation products greater than 
C24.  In addition, the chemotype surrounding C20 alcohol (i.e., decreased abundance within 
the single knock-outs and increased abundance within all double and triple knock-out lines) 
indicates a biochemical function that requires multiple ELO proteins.  
The nature of the fatty acid analytical platform prevents acquisition of information 
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regarding how the cell or organism incorporates fatty acids into complex lipids.  The 
lipidomics analytical platform provides such information, and identified that the loss of ELO 
function causes a decrease in PE and PI accumulation, while increasing PC accumulation.  
These chemotypes indicate that the ELO proteins are influencing the phospholipid pools and 
that ELO may provide fatty acids for PE and PI. 
 These analyses provide evidence that the Arabidopsis ELO proteins do not impact the 
VLCFA pool required for cuticular wax deposition, but do affect the VLCFA pool required 
for cellular activities (i.e., membrane lipids, metabolic signaling).  In addition, most knock-
out genotypes do not display additive effects as ELO activity is decreased, indicating that 
these proteins are not completely redundant with regard to the biochemical functions they 
provide.  This proves problematic when trying to deduce individual ELO protein function in 
planta.  Moreover, the complex nature of the ELO/KCS-type FAE systems indicates that a 
less complex system, like the yeast-based system engineered for the investigation of gene 
redundancy within maize FAE (Chapter II of this dissertation; unpublished work by 
Campbell et al), would be advantageous for the investigation of the biochemical function of 
each Arabidopsis ELO protein.   
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Figure 1.  ClustalW protein sequence alignment of the yeast and Arabidopsis ELO proteins. 
Using the box-shade algorithm 3.3.1 (Kay Hofmann and Michael D. Baron) from the SDSC 
Biology Workbench, completely conserved residues are shaded purple, identical residues are 
shaded yellow, and similar residues are shaded cyan.  A red box indicates the His-box motif.  
The blue box and * indicate the lysine residue identified by Denic and Weissman to provide 
fatty acid chain length specificity.  

AtELO1_[AT3G064 ------------------------------------------MASVYSTLTYWLVHHPYIAN-FTWTEGETLGSTVFFVFVVVSLYLSAT
AtELO3_[AT3G064 ------------------------------------------MASIYSSLTYWLVNHPYISN-FTWIEGETLGSTVFFVSVVVSVYLSAT
ScELO1_[YJL196C ---MVSDWKNFCLEKASRFR-----------PTIDRPFFNIYLWDYFNRAVGWATAGRFQPKDFEFTVGKQPLSEPRPVLLFIAMYYVVI
ScELO2_[YCR034W MNSLVTQYAAPLFERYPQLHD--------YLPTLERPFFNISLWEHFDDVVTRVTNGRFVPSEFQFIAGELPLSTLPPVLYAITAYYVII
ScELO3_[YLR372W MNTTTSTVIAAVADQFQSLNSSSSCFLKVHVPSIENPFG-IELWPIFSKVFEYFSG--YPAEQFEFIHNKTFLANGYHAVSIIIVYYIII
AtELO2_[AT4G368 -----------------------------------------MSTALINSITYFLSEHPYIVG-FRWSNSQSWGSTWSFLFTSISLYIAVS
AtELO4_[AT1G750 ----------------------------------------------MTTFNYYLAEHPTIVN-FRWSPTQSYASTWSFLFTAVSSYIIAA
consensus       ------------------------------------------m--vystl-ywlt-hpyi---F-wt-g-t-gst--fv---islYlvv-
AtELO1_[AT3G064 FLLRYTVDSLPTLGP----RILKPITAVHSLILFLLSLTMAVGCTLSLIS----------SSDPKARLFDAVCFPLDVKPKGPLFFWAQV
AtELO3_[AT3G064 FLLRSAIDSLPSLSP----RILKPITAVHSLILCLLSLVMAVGCTLSITSSH-------ASSDPMARFLHAICFPVDVKPNGPLFFWAQV
ScELO1_[YJL196C FGGRSLVKSC---KP----LKLRFISQVHNLMLTSVSFLWLILMVEQMLP-----------IVYRHGLYFAVCNVESWTQPMETLYYLN-
ScELO2_[YCR034W FGGRFLLSKS---KP----FKLNGLFQLHNLVLTSLSLTLLLLMVEQLVP-----------IIVQHGLYFAICNIGAWTQPLVTLYYMN-
ScELO3_[YLR372W FGGQAILRALN-ASP----LKFKLLFEIHNLFLTSISLVLWLLMLEQLVP-----------MVYHNGLFWSICSKEAFAPKLVTLYYLN-
AtELO2_[AT4G368 SSLHILLSAVR-RSNR--SVPLGHIPEIHSLLMSILSATIFAGILLSAAAEIRDTRWLWRRSKTATPLQWLLCFPLGTRPSGRVFFWSYV
AtELO4_[AT1G750 VTLHLLLLITLSLSNRRRGFSLGPIPALHSLTISIISAVIFVGILLSAAAEIRDTRWLWRRTRT-TALQWFLCFPVGTRASGRVFFWSYA
consensus       f-lr-ll--l---sp------lk-i--vHsLiltllSlvm-vgmvlsli------------s----glffavCfpla-kp-g-lffw-q-
AtELO1_[AT3G064 FYLSKILEFVDTLLIILNKSIQRLSFLHVYHHATVVILCYLWLRTRQSMFPVGLVLNSTVHVIMYGYYFLCAIGSR-PKWKKLVTNFQMV
AtELO3_[AT3G064 FYLSKILEFGDTILIILGKSIQRLSFLHVYHHATVVVMCYLWLRTRQSMFPIALVTNSTVHVIMYGYYFLCAVGSR-PKWKRLVTDCQIV
ScELO1_[YJL196C -YMTKFVEFADTVLMVLKH--RKLTFLHTYHHGATALLCYNQLVGYTAVTWVPVTLNLAVHVLMYWYYFLSASGIR-VWWKAWVTRLQIV
ScELO2_[YCR034W -YIVKFIEFIDTFFLVLKH--KKLTFLHTYHHGATALLCYTQLMGTTSISWVPISLNLGVHVVMYWYYFLAARGIR-VWWKEWVTRFQII
ScELO3_[YLR372W -YLTKFVELIDTVFLVLRR--KKLLFLHTYHHGATALLCYTQLIGRTSVEWVVILLNLGVHVIMYWYYFLSSCGIR-VWWKQWVTRFQII
AtELO2_[AT4G368 FYLTRFLHMFRTIFAVLRS--RRLAVSQLFCNSVMAFTSFLWLEFSQSYQILAILSTTLVYSVVYGYRFWTGFGLPGSAFPSFVVNCQLV
AtELO4_[AT1G750 FYLSRFLHLFRTFFSVIRR--RKLSFFQLINQSSLLCISFLWLEYSQSFQVVAILLTTVSYAVVYGYRFWTEIGLRGACFP-FVGNCQAI
consensus       fYlskflef-dTlfivlkk--rkLsflhvyhha-vailcylwL---qsm--vgivlns-vhvimYgYyFlsa-Gir---wk-wVt--Qiv
AtELO1_[AT3G064 QFAFGMGLG--AAWMLPEHYFGSG--------CAGIWTVYFN-GVFTASLLALFYNFHSKNYEKTTTSPLYKIESFIFIHGERWANKAIT
AtELO3_[AT3G064 QFVFSFGL---SGWMLREHLFGSG--------CTGIWGWCFN-AAFNASLLALFSNFHSKNYVKKPTR-----ED---------------
ScELO1_[YJL196C QFMLDLIVVYYVLYQKIVAAYFKNACTPQCEDCLGSMTAIAAGAAILTSYLFLFISFYIEVYKRGSASGKKKINKNN-------------
ScELO2_[YCR034W QFVLDIGFIYFAVYQKAVHLYFP--ILPHCGDCVGSTTATFAGCAIISSYLVLFISFYINVYKRKGTKTSRVVKRAHGGVAAKVNEYVNV
ScELO3_[YLR372W QFLIDLVFVYFATYTFYAHKYLDG-ILPNKGTCYGTQAAAAYGYLILTSYLLLFISFYIQSYKKGGKKTVKKESEVSGSVASGSSTGVKT
AtELO2_[AT4G368 LVGCNLVS---HAGVLTMHLFK-G-------GCNGIGAWGLN-SVLNGAILLLFLNFYVRMHSPMRRHINKMNSQRNA------------
AtELO4_[AT1G750 LLGCMTVC---HVGVLCIHLVKRG-------GCNGIGAWLFN-SVLNAVITLLYLKFYCKTRSMMTKANHNTT-----------------
consensus       qfv--mi------wml-vhlf--g--------C-Gi-g--fn--vi-asllvLfi-Fyik-y-k------k-------------------
AtELO1_[AT3G064 LFSKKND-------------
AtELO3_[AT3G064 --GKKSD-------------
ScELO1_[YJL196C --------------------
ScELO2_[YCR034W DLKNVPTPSPSPKPQHRRKR
ScELO3_[YLR372W SNTKVSSRKA----------
AtELO2_[AT4G368 --------------------
AtELO4_[AT1G750 --------------------
consensus       --------------------
 
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Figure 2.  Phylogenetic relationships among the yeast, mammalian, Arabidopsis and maize 
ELO proteins.  A neighbor-joining phylogenetic tree was constructed using the MEGA 
software package.  The Arabidopsis AtKCS6 (CER6/CUT1) protein was used as the out-
group.  
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Figure 3.  Transcript abundance of the four Arabidopsis ELO genes.  Transcriptome data 
from the whole genome tiling array, At-TAX was visualized using Tileviz, a web portal that 
provides analysis tools for the ArrayExpress raw data.   	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Figure 4. Transcript abundance of the four Arabidopsis ELO genes.  Transcriptome data from 
the whole genome tiling array, AGRONOMICS1 (AGRO1) was visualized using 
Genevestigator, a web portal that provides analysis tools for the ArrayExpress raw data.   	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Figure 5.  Estimate of plant growth.  Surface area of the aerial tissue at 6, 9, 13, and 16 days 
after imbibition (DAI).  Mean values represent the pooled aerial tissue of 14-19 Arabidopsis 
plants from Wild-type (WT), the single knock-out lines Atelo2; Atelo3; and Atelo4; the 
double knock-out lines Atelo2, elo3; Atelo2, elo4; Atelo3, elo4 and triple knock-out Atelo2, 
elo3, elo4.   	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Figure 6.  Measurement of primary root growth.  The mean root length was measured for 
each of the eight Arabidopsis lines: Wild-type (WT), the single knock-out lines Atelo2; 
Atelo3; and Atelo4; the double knock-out lines Atelo2, elo3; Atelo2, elo4; Atelo3, elo4 and 
triple knock-out Atelo2, elo3, elo4.  Error bars represent the standard error of 17 replicates of 
wild-type and  Atelo2; 15 replicates of Atelo3 and Atelo2, elo4; 16 replicates of Atelo4 and 
Atelo2, elo3, elo4; and 14 replicates of Atelo2, elo3 and Atelo3, elo4.       
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Figure 7.  Venn diagrams of the individual metabolites that differentially accumulate in 
knock-out lines as compared to wild-type.  The genotypes are indicated by shape, single 
knock-out lines are triangles, double knock-out lines are circles and the triple knock-out line 
is a decagon.  Metabolites increasing in abundance are colored red; Metabolites decreasing in 
abundance are colored green.  Metabolites are numbered and compound name is referenced 
in Table 2. 
 
(A) Metabolite mapping of all metabolites that are differentially accumulating as 
compared to wild-type. 
(B) Metabolite mapping of the cuticular wax analytical platform. 
(C) Metabolite mapping of the fatty acid analytical platform.  
(D) Metabolite mapping of the lipidomics analytical platform. 
(E) Metabolite mapping of the isoprenoid analytical platform. 
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Figure 8.  Mean metabolic distance per platform. 
 
(A) Plot of the eight Arabidopsis genotype’s mean metabolic distance specific for 
each analytical platform.  Genotypes include:  Wild-type (WT), the single knock-
out lines Atelo2; Atelo3; Atelo4; the double knock-out lines Atelo2, elo3; Atelo2, 
elo4; Atelo3, elo4 and triple knock-out Atelo2, elo3, elo4.  
 
Shaded boxes indicate a significant difference between the two metabolomes, non-shaded 
boxes indicate an insignificant difference between the two metabolomes, and blacked-out 
combinations are pairs not examined. 
(B) Pairwise assessment of the collective cuticular wax analytical platform.   
(C) Pairwise assessment of the collective lipidomics analytical platform. 
(D) Pairwise assessment of the collective non-targeted GC-TOF analytical platform.  
(E) Pairwise assessment of the collective non-targeted UPLC-Q-TOF analytical 
platform.  
(F) Pairwise assessment of the collective fatty acid analytical platform.  
(G) Pairwise assessment of the collective isoprenoid analytical platform.  
(H) Pairwise assessment of the collective phytosterol analytical platform.  
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Cuticular wax
Atelo2 Atelo3 Atelo4 Atelo2, elo3 Atelo2, elo4 Atelo3, Atelo4 Atelo2, elo3, elo4
Wild-type 0.392 0.309 0.710 0.135 0.448 0.259 0.296
Atelo2 X X X X
Atelo3 X X X X
Atelo4 X X X X
Atelo2, elo3 X X X X
Atelo2, elo4 X
Atelo3, Atelo4 X X X
Atelo2, elo3, elo4 X X X
Fatty acids
Atelo2 Atelo3 Atelo4 Atelo2, elo3 Atelo2, elo4 Atelo3, Atelo4 Atelo2, elo3, elo4
Wild-type 0.906 0.868 0.595 0.038 0.080 0.046 0.025
Atelo2 X X X 0.043 0.032 X
Atelo3 X X X 0.055 X 0.027
Atelo4 X X X X 0.116 0.053
Atelo2, elo3 0.043 0.055 X X X X 0.610
Atelo2, elo4 0.032 X 0.116 0.544
Atelo3, Atelo4 X 0.027 0.053 X X 0.901
Atelo2, elo3, elo4 X X X 0.610 0.544 0.901
Isoprenoid
Atelo2 Atelo3 Atelo4 Atelo2, elo3 Atelo2, elo4 Atelo3, Atelo4 Atelo2, elo3, elo4
Wild-type 0.772 0.639 0.481 0.001 0.267 0.174 0.006
Atelo2 X X X 0.017 0.478 X
Atelo3 X X X 0.015 X 0.726
Atelo4 X X X X 0.732 0.865
Atelo2, elo3 0.017 0.015 X X X X 0.010
Atelo2, elo4 0.478 X 0.732 0.047
Atelo3, Atelo4 X 0.726 0.865 X X 0.053
Atelo2, elo3, elo4 X X X 0.010 0.047 0.053
Lipidomics
Atelo2 Atelo3 Atelo4 Atelo2, elo3 Atelo2, elo4 Atelo3, Atelo4 Atelo2, elo3, elo4
Wild-type 0.778 0.735 0.585 0.491 0.732 0.647 0.697
Atelo2 X X X X
Atelo3 X X X X
Atelo4 X X X X
Atelo2, elo3 X X X X
Atelo2, elo4 X
Atelo3, Atelo4 X X X
Atelo2, elo3, elo4 X X X
Phytosterol
Atelo2 Atelo3 Atelo4 Atelo2, elo3 Atelo2, elo4 Atelo3, Atelo4 Atelo2, elo3, elo4
Wild-type 0.034 0.020 0.044 0.013 0.574 0.015 0.044
Atelo2 X X X 0.014 0.269 X
Atelo3 X X X 0.228 X 0.350
Atelo4 X X X X 0.566 0.458
Atelo2, elo3 0.014 0.228 X X X X 0.224
Atelo2, elo4 0.269 X 0.566 0.123
Atelo3, Atelo4 X 0.350 0.458 X X 0.195
Atelo2, elo3, elo4 X X X 0.224 0.123 0.195
GC-TOF (Fiehn)
Atelo2 Atelo3 Atelo4 Atelo2, elo3 Atelo2, elo4 Atelo3, Atelo4 Atelo2, elo3, elo4
Wild-type 0.564 0.588 0.744 0.543 0.473 0.402 0.492
Atelo2 X X X X
Atelo3 X X X X
Atelo4 X X X X
Atelo2, elo3 X X X X
Atelo2, elo4 X
Atelo3, Atelo4 X X X
Atelo2, elo3, elo4 X X X
UPLC-Q-TOF (Sumner)
Atelo2 Atelo3 Atelo4 Atelo2, elo3 Atelo2, elo4 Atelo3, Atelo4 Atelo2, elo3, elo4
Wild-type 0.740 0.445 0.650 0.792 0.620 0.357 0.416
Atelo2 X X X X
Atelo3 X X X X
Atelo4 X X X X
Atelo2, elo3 X X X X
Atelo2, elo4 X
Atelo3, Atelo4 X X X
Atelo2, elo3, elo4 X X X
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Table 1.  Primary sequence analysis of the Arabidopsis and maize ELO proteins. 
 
Amino 
Acids pI
Transmembrane 
Domains His Box KXXEXXDT HXXMYXYY TXXQXXQ
Putative ER 
Retention
AtELO1 (AT3G06460) 298 9.47 7 Yes Yes Yes Yes Yes
AtELO2 (AT4G36830) 289 11 7 No No No No **Yes
AtELO3 (AT3G06470) 278 9.15 7 Yes Yes Yes Yes Yes
AtELO4 (AT1G75000) 281 10.3 6 No No No No No
ZmELO-GRMZM2G037152_T01 278 10.3 7 Yes Yes Yes Yes Yes
ZmELO-GRMZM2G133793_T01 313 10.7 6 No No No No Yes
ZmELO-GRMZM2G128445_T01 164 9.46 3 No *Yes No No No
ZmELO-GRMZM2G105184 134 10.2 3 No No No No No
ZmELO-GRMZM2G036927_T03 82 10.7 0 No No No No No
Amino Acid Motifs
	   102	  
Table	  2.	  	  Metabolites,	  identified	  by	  platform,	  that	  are	  differentially	  accumulating	  in	  Atelo	  knock-­‐out	  lines.	  
Analytical Platform
Metabolite 
# Metabolite Name Atelo2 Atelo3 Atelo4 Atelo2 elo3 Atelo2 elo4 Atelo3 elo4 Atelo2 elo3 elo4
# of lines with 
this condition Pathway
Isoprenoids 1 Lutein - - - < (0.0114) - - - 1 Carotenoid Biosynthesis
Isoprenoids 2 alpha Carotene - - - < (0.0114) - - - 1 Carotenoid Biosynthesis
Isoprenoids 3 beta Carotene - - - < (0.0154) - - - 1 Carotenoid Biosynthesis
Isoprenoids 4 Chlorophyll B - - - < (0.0154) - - - 1
Porphyrin & Chlorophyll 
Metabolism
Isoprenoids 5 Chlorophyll A - - - < (0.0208) - - - 1
Porphyrin & Chlorophyll 
Metabolism
Lipidomics 6 DGDG 38:6 > (0.0367) - - - - - - 1 Membrane Lipid Metabolism
Lipidomics 7 PC 40:5 - > (0.0114) - - > (0.0060) - > (0.0154) 3
Extra-plastidically 
Synthesized Lipid 
Metabolism
Lipidomics 8 PC 40:4 - > (0.0114) - - > (0.0277) - > (0.0154) 3
Extra-plastidically 
Synthesized Lipid 
Metabolism
Lipidomics 9 PE 32:0 - < (0.0315) - < (0.0229) < (0.0150) - < (0.0273) 4
Extra-plastidically 
Synthesized Lipid 
Metabolism
Lipidomics 10 PE 38:3 - - - - < (0.0545) - - 1
Extra-plastidically 
Synthesized Lipid 
Metabolism
Lipidomics 11 PE 38:2 - < (0.0480) - - < (0.0208) - < (0.0114) 3
Extra-plastidically 
Synthesized Lipid 
Metabolism
Lipidomics 12 PE 42:4 - < (0.0367) - - < (0.0480) - < (0.0208) 3
Extra-plastidically 
Synthesized Lipid 
Metabolism
Lipidomics 13 PI 34:3 - - - < (0.0277) - < (0.0277) - 2
Extra-plastidically 
Synthesized Lipid 
Metabolism
Lipidomics 14 PI 36:6 - - - < (0.0083) - - - 1
Extra-plastidically 
Synthesized Lipid 
Metabolism
Lipidomics 15 PI 36:5 - - - < (0.0277) - - - 1
Extra-plastidically 
Synthesized Lipid 
Metabolism
Lipidomics 16 *** PI 36:4 - - - - - - - 0
Extra-plastidically 
Synthesized Lipid 
Metabolism
Lipidomics 17 PA 34:3 - - - - - < (0.0480) - 1
Lipid Metabolism & 
Signaling - Stress Response
Lipidomics 18 *** PA 36:3 - - - - - - - 0
Lipid Metabolism & 
Signaling - Stress Response
Phytosterols 19 Cycloartenol < (0.0480) - - < (0.0277) - < (0.0480) - 3 Steroid Biosynthesis
***No lines compared to WT
Significance compared to wild-type (p-value = <0.06)
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Analytical Platform
Metabolite 
# Metabolite Name Atelo2 Atelo3 Atelo4 Atelo2 elo3 Atelo2 elo4 Atelo3 elo4 Atelo2 elo3 elo4
# of lines with 
this condition Pathway
Fatty Acids 20 *** Tetracos-15-enoic acid - - - - - - - 0 Lipid Metabolism (FAS)
Fatty Acids 21 *** Hexadeca-7,10,13-trienoic acid - - - - - - - 0 Lipid Metabolism (FAS)
Fatty Acids 22 *** Tridecan-1-ol - - - - - - - 0 Lipid Metabolism (FAS)
Fatty Acids 23 Icosan-1-ol < (<0.0001) - < (<0.0001) > (0.0166) > (0.0166) > (0.0166) > (0.0166) 6 Lipid Metabolism (FAE)
Fatty Acids 24 *** Uncosan-1-ol - - - - - - - 0 Lipid Metabolism (FAE)
Fatty Acids 25 Docosan-1-ol - - - - > (0.0483) > (0.0483) > (0.0483) 3 Lipid Metabolism (FAE)
Fatty Acids 26 *** Tetracosan-1-ol - - - - - - - 0 Lipid Metabolism (FAE)
Fatty Acids 27 Campesterol - - - - > (0.0134) > (0.0250) > (0.0134) 3 Steroid Biosynthesis 
Fatty Acids 28 *** Dehydroabietic acid - - - - - - - 0 Terpenoid Biosynthesis
Fatty Acids 29 Docosanoic acid - - - - > (0.0273) - - 1 Lipid Metabolism (FAE)
Fatty Acids 30 Eicosanoic acid - - - < (0.0207) - - - 1 Lipid Metabolism (FAE)
Fatty Acids 31 *** Hexacosanoic acid - - - - - - - 0 Lipid Metabolism (FAE)
Fatty Acids 32 *** Hexadecanoic acid - - - - - - - 0 Lipid Metabolism (FAS)
Fatty Acids 33 *** Tetradecanoic acid - - - - - - - 0 Lipid Metabolism (FAS)
Fatty Acids 34 *** Octadecanoic acid - - - - - - - 0 Lipid Metabolism (FAS)
Fatty Acids 35 *** Pentadecanoic acid - - - - - - - 0 Lipid Metabolism (FAS)
Fatty Acids 36 Tetracosanoic acid - - - < (0.0277) - - - 1 Lipid Metabolism (FAE)
Cuticular wax 37 Tetratriacontanoic acid - - > (0.0269) - > (0.0269) - - 2
Lipid Metabolism (FAE), 
Cuticular Wax Biosynthesis
GC TOF (Fiehn) 38 *** Xylose - - - - - - - 0
Starch & Sucrose 
Metabolism
GC TOF (Fiehn) 39 Ornithine - - - - < (0.0114) - - 1
Arginine & Proline 
Metabolism
GC TOF (Fiehn) 40 Glycine - - - - < (0.0480) - - 1
Glycine, Serine, & 
Threonine Metabolism & 
Chlorophyll Metabolism
GC TOF (Fiehn) 41 Glycerine acid - - - < (0.0480) - < (0.0367) < (0.0060) 3
Glycolysis/Gluconeogenesis, 
PPP, Amino acid & 
glycerolipid metabolism
GC TOF (Fiehn) 42 Asparagine - - - > (0.0277) - - - 1
Alanine, Aspartate & 
Glutamate Metabolism
GC TOF (Fiehn) 43 Homoserine > (0.0208) - - > (0.0208) - - - 2
Glycine, Serine, & 
Threonine Metabolism 
GC TOF (Fiehn) 44 Dihydroxymalonic acid - - - - < (0.0480) - - 1
GC TOF (Fiehn) 45 *** Xylulose - - - - - - - 0 Pentose Phosphate Pathway
GC TOF (Fiehn) 46 *** Sulfuric acid - - - - - - - 0
GC TOF (Fiehn) 47 *** Palatinose - - - - - - - 0
Starch & Sucrose 
Metabolism 
UPLC (Sumner) 48 *** Narigenin-7-O-glucoside - - - - - - - 0 Flavonoid Biosynthesis
UPLC (Sumner) 49 *** 3,5-dihydroxybenzoic acid - - - - - - - 0 Flavonoid Biosynthesis
UPLC (Sumner) 50 4-hydroxyflavone - - > (0.0130) > (0.0443) - - - 2 Flavonoid Biosynthesis
UPLC (Sumner) 51 Gardenin A - - - < (0.0411) - - - 1 Flavonoid Biosynthesis
UPLC (Sumner) 52 Genisitin - - - > (0.0277) - - - 1 Flavonoid Biosynthesis
UPLC (Sumner) 53 *** Luteolin - - - - - - - 0 Flavonoid Biosynthesis
***No lines compared to WT 
Significance compared to wild-type (p-value = <0.06)
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Analytical Platform Metabolite # Metabolite Name Atelo2 Atelo3 Atelo4 Atelo2 elo3 Atelo2 elo4 Atelo3 elo4 Atelo2 elo3 elo4
# of lines with 
this condition
Fatty Acids 54 *** BJN-GCMS-FAMES-1735.2 - - - - - - - 0
Fatty Acids 55 *** BJN-GCMS-FAMES-1746.9 - - - - - - - 0
Fatty Acids 56 BJN-GCMS-FAMES-1967.1 - - - < (0.0478) - - - 1
Fatty Acids 57 BJN-GCMS-FAMES-2095.0 - - - - > (0.0151) - - 1
Fatty Acids 58 *** BJN-GCMS-FAMES-2095.6 - - - - - - - 0
Fatty Acids 59 *** BJN-GCMS-FAMES-2123.2 - - - - - - - 0
Fatty Acids 60 BJN-GCMS-FAMES-2145.0 - - - - - > (0.0134) - 1
Fatty Acids 61 *** BJN-GCMS-FAMES-2171.7 - - - - - - - 0
Fatty Acids 62 *** BJN-GCMS-FAMES-2237.6 - - - - - - - 0
Fatty Acids 63 *** BJN-GCMS-FAMES-2591.9 - - - - - - - 0
Fatty Acids 64 *** BJN-GCMS-CW-44.2488 - - - - - - - 0
Fatty Acids 65 *** BJN-GCMS-CW-54.8985 - - - - - - - 0
Isoprenoids 66 BML-PS2-14.180-472.5 - - < (0.0147) < (0.0472) - - - 2
Isoprenoids 67 *** BML-PS2-15.310-386.3 - - - - - - - 0
Isoprenoids 68 *** BML-PS2-15.569-357.3 - - - - - - - 0
Isoprenoids 69 BML-PS2-16.643-407.4 - - - > (0.0527) - - - 1
Isoprenoids 70 BML-LCDAD2-ISO2-26.5min-lmax(267" - - - > (0.0154) - - - 1
Isoprenoids 71 BML-LCDAD2-ISO2-36.5min-lmax(342" - - - > (0.0114) - - - 1
GC TOF (Fiehn) 72 *** 208850 - - - - - - - 0
GC TOF (Fiehn) 73 201005 - - - - - - < (0.0480) 1
GC TOF (Fiehn) 74 *** 218694 - - - - - - - 0
GC TOF (Fiehn) 75 218556 - - - - - < (0.0208) - 1
GC TOF (Fiehn) 76 *** 208874 - - - - - - - 0
GC TOF (Fiehn) 77 200509 > (0.0480) - - - - - - 1
GC TOF (Fiehn) 78 303841 - - - < (0.0208) - - 1
GC TOF (Fiehn) 79 *** 200900 - - - - - - 0
GC TOF (Fiehn) 80 208651 > (0.0367) - - - - - - 1
GC TOF (Fiehn) 81 289052 > (0.0622) - - - - - - 1
GC TOF (Fiehn) 82 *** 213179 - - - - - - - 0
GC TOF (Fiehn) 83 211900 - - - < (0.0367) - - 1
GC TOF (Fiehn) 84 201060 - - - < (0.0208) - - - 1
GC TOF (Fiehn) 85 *** 202663 - - - - - - - 0
GC TOF (Fiehn) 86 199203 > (0.0060) - > (0.0367) - - - > (0.0480) 3
GC TOF (Fiehn) 87 *** 224586 - - - - - - 0
GC TOF (Fiehn) 88 *** 218769 - - - - - - 0
UPLC (Sumner) 89 LWS_UPLC_0SF/0SFPDA_5.41_607.130 > (0.0545) - - - - - - 1
UPLC (Sumner) 90 LWS_UPLC_0SF/0SFPDA_13.29_1103.567 - - - - - - > (0.0074) 1
UPLC (Sumner) 91 LWS_UPLC_0SF/0SFPDA_13.53_939.494 - - - > (0.0452) - - - 1
UPLC (Sumner) 92 *** LWS_UPLC_0SF/0SFPDA_16.23_793.439 - - - - - - - 0
UPLC (Sumner) 93 LWS_UPLC_0SF/0SFPDA_17.95_809.435 - > (0.0422) - - - - - 1
UPLC (Sumner) 94 LWS_UPLC_0SF/0SFPDA_22.03_631.385 < (0.0197) - - - - - - 1
UPLC (Sumner) 95 *** LWS_UPLC_0SF/0SFPDA_26.39_485.327 - - - - - - - 0
***No lines compared to WT
Significance compared to wild-type (p-value = <0.06)
	  	  	  
	  	  
 
 
Table 2.  Metabolites, identified by platform, that are differentially accumulating in Atelo 
knock-out lines.  Both biochemically identified and unknown metabolites are listed, and 
significant changes in metabolite abundance as compared to wild-type are indicated under the 
respective Atelo knock-out lines.  For metabolites increasing in abundance the p-value is 
listed with a >; metabolites decreasing in abundance the p-value is listed with a <.  In 
addition, biochemically identified metabolites (# 1-53) include pathway information. 
 
(A) Biochemically identified metabolites #1-19 from the isoprenoid, lipidomics and 
phytosterol analytical platforms.  
(B) Biochemically identified metabolites # 20-53 from the fatty acid, cuticular wax, GC-
TOF and UPLC-Q-TOF analytical platforms. 
(C) Unknown metabolites # 54-95. 	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ABSTRACT 
 
An educational module was created that encompasses 21st century research and 
innovation with the middle school science curriculum.  Symbi, Iowa’s first GK12 initiative, 
connected graduate students with the Des Moines Public School District.  This provided a 
unique experience for our middle school students, graduate students and classroom teachers.  
Our goal was to demonstrate that science is not just a requirement, but also a part of our 
everyday lives.  We designed an inquiry-based learning experience entitled ‘Plant Fat: From 
the cornfield to our homes’, which provided students with multiple examples of how fat 
influences their daily lives.  In addition, each student processed their own bar of soap, and we 
encouraged them to take it home and use it with their families.  The hope was that this would 
provide a stepping stone for the students to lead a discussion, with their families, surrounding 
science and biorenewable technologies.  By relating the science taught in the classroom to 
real life practices and products our students developed a deeper understanding and 
appreciation of what science is.  
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INTRODUCTION 
 
As society’s need for alternative and biorenewable technologies grows, so does the 
need for a new generation of scientists and engineers who exhibit genuine excitement and a 
deep-rooted understanding of multidisciplinary sciences.  This new scientist provides the 
knowhow enabling society to thrive well into the 21st century global economy through 
science and technology innovation.  An effort designed to shape this next generation 
commenced at Iowa State University under the NSF GK-12 umbrella, entitled Symbi, which 
promotes the introduction of scientific concepts that underpins the development of 
biorenewable technologies to the middle school classroom (www.gk12.iastate.edu).  The title 
“Symbi” was selected because the program is focused on technical laboratory research and 
its integration into middle school science education; a symbiosis between a university (Iowa 
State University) and a public school district (Des Moines Public School District).  The 
mission of Symbi is to enhance learning in middle school science classrooms and to 
demonstrate that science is not just a requirement, but also a part of the students’ everyday 
lives.   
Through the pipeline of graduate student research to translation into the classroom, an 
education module was developed that encompasses concepts from biorenewable technologies 
that illustrate the fundamentals of the sciences and math.  Each activity described within the 
educational module demonstrates specific learning targets and builds upon essential 
educational principles such as: 
• Evolution (Activity: Teosinte to modern corn) 
• Genetics (Activities: Teosinte to modern corn, Which plant is lacking its rain coat?) 
• Math (Activities: Bringing the researcher’s cornfield to the classroom, Which plant is 
lacking its rain coat?, and Understanding the value of a corn kernel)  
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• Biology and Physiology (Activities: Which plant is lacking its rain coat? and 
Understanding the value of a corn kernel) 
• Chemistry (Activities: Biorenewable fuel and Byproduct utilization: Soap) 
• Industrial applications from agriculture/consumer product generation (Activities: 
Understanding the value of a corn kernel, Biorenewable fuel, and Byproduct 
utilization: Soap) 
• Recycling and Green Technologies (Activities: Biorenewable fuel, Byproduct 
utilization: Soap) 
• Technical/Scientific Writing (Activity: Teosinte to modern corn) 
 
 All of these are accomplished through a hands-on, inquiry-based learning experience entitled 
‘Plant Fat: From the cornfield to our homes’.   
 The educational module takes the students through the progression of plant growth 
and development (in this case, corn) to ‘green’ technologies (e.g. biorenewable chemicals 
and products) (Figure 1).  The students take part in an agricultural to industry process 
beginning with a simulated cornfield and ending with products that each of them, 
representing the consumers, can take home and use with their families.  Commencing with 
teosinte, the progenitor to modern corn, through exploration of its genetic evolution by a 
scientist/teacher/student research and discussion, highlighting the importance of genetic 
selection and its importance to human society.  The short course is built upon a glossy mutant 
of maize, glossy8a (1), a mutation that affects the fat derived wax substances that are 
normally deposited on leaves.  This waxy layer provides an important protective coating 
from desiccation, insect damage and damaging ultraviolet light from the sun.  In some ways, 
this waxy layer acts as a protective raincoat, which is absent in glossy mutants.  Therefore, 
the classroom research project on these mutants was titled ‘Which plant is lacking its proper 
rain coat?’.   
 Each student examined ears of corn and harvested their own kernels.  Students 
germinated these kernels and then tested each seedling to ascertain whether it was a wildtype 
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plant that had its raincoat (i.e. the waxy layer) or whether it was missing its raincoat (i.e. a 
glossy mutant).  To distinguish between normal and glossy plants, 12-16 day old seedling 
plants were sprayed with water and observations followed (see Figure 1).  Mutant glossy 
plants are identified because water is unable to roll off of the plant leaves and therefore beads 
up giving the plant a wet appearance; conversely, the water sprayed on wildtype plants runs 
right off the leaves and they remain dry in appearance.   
 To gain a better understanding of the different parts of a plant and its seeds, each 
student dissected corn kernels and identified the four major parts (i.e., the embryo, 
endosperm, tip cap and pericarp), discussed the function of each kernel part and learned the 
usefulness of each part for the plant and also for people.  Emphasis was put on the part that 
gives rise to the cooking oil we purchase from the store (or is used in frying applications at 
local eating establishments), and is consumed as food.  From this point, each student made 
biodiesel from store-bought corn oil.  This homemade biodiesel was then burned in the 
classroom, demonstrating to the students that it is a real product that can be used as fuel to 
operate diesel engines.  Upon separating the biodiesel from the waste product (glycerin), the 
students used the waste glycerin to make soap, which they took home to use with their 
families (Figure 1).  This education module provided the students with multiple, “real life” 
examples of the roles that fat plays for both human society and plants, in addition to guiding 
their understanding of roles science plays in their everyday lives.   
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DISCUSSION 
 
The Education Module: 
 
From teosinte to modern corn: A brief history (Activity #1) 
 
Zea mays (i.e., modern corn) is one of the most extensively studied and socio-
economically important crops world wide.  Providing a short historical view of corn’s 
evolution to what we know of today was a valuable way to set the stage for the students to 
understand the wide breadth of its economic impact.  The Des Moines K-12 school district 
that is partnered with Symbi has been increasing its focus on scientific (technical) writing.  
To incorporate technical writing into our 8th grade classroom, we paired two writing 
exercises with our unit on teosinte and modern corn.  The teacher and scientist provided a 
guided tour of the visual differences between teosinte and modern corn. Afterward, students 
were asked to study pictures of teosinte and modern corn and identify three differences they 
noticed (i.e. key phenotypes and structural characteristics).  In each picture, a quarter was 
shown as a means of scaling the pictures to each other, which introduced a side topic 
regarding the importance of a consistent reference when visually comparing two or more 
things.  Next, the teacher and scientist talked for ~3-5 minutes about the history and proposed 
genetic evolution from teosinte to the corn we see today.  Afterward, each student was 
instructed to write a paragraph (3-4 sentences) describing the history of this crop’s evolution.  
After each activity, small groups of students discussed their ideas and were then given time 
to revise the writing assignment prior to submission. 
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Bringing the researcher’s cornfield to the classroom: Kernel preparation and plant 
growth (Activity #2) 
Plant science research requires detailed planning and precision to ensure successful 
experiments and field seasons.  To provide a taste of this skill set, science students were 
guided through seed collection, planting preparation, and project planning. Mutant corn 
(glossy8a heterozygous recessive mutant) ears were divided out and presented to students 
(groups of two).  The students harvested all kernels off the cob, meticulously counted and 
then inputted seed yields into a summary excel file.  This student-generated data was 
statistically analyzed for cob yield across wildtype and mutant corn and combined across 
classes.  Prior to setting up the growth experiment, a discussion on data replication began.  
As our experimental design and planning took place students arrived at the conclusion that it 
is necessary to plant multiple kernels per plant growth systems due to genetic segregation of 
the glossy mutant lines which contain ¾ wild type kernels and ¼ mutant kernels in order to 
maximize the numbers of mutant plants.  They planted five seeds per growth system and 
grew them in groups of two (averaging 12-15 growth systems per class). 
 Students then proceeded to their plant set-ups.  In groups of two students growth 
systems were made and five seeds were sown in each for further statistical analysis of plant 
growth.  Over the course of 12-16 days, students observed the growing corn.   Plants were 
labeled by different colors of thread.  Students recorded the date of emergence and the height 
of each plant was measured every two days (daily is preferred).   Data was plotted on line 
graphs, which showed the students the lag that occurs during germination and identified 
when seedling growth is at its highest. Final height measurements were used to calculate  the 
mean, median and mode within the class and across all classes.  In addition to plant growth, 
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color vibrance was examined and recorded to aid in analysis of glossy mutants in the activity 
‘Which plant is lacking its rain coat?’. 
Extension:  Students can plan a 10-feet by 10-feet research cornfield.  Using the guidelines 
outlined below, they can provide a graphical depiction of the test field and answer the 
following questions.   
• How many corn rows will be on the 100 sqft. soil plot? 
• How many kernels are needed per row? 
• How many kernels need to be collected and counted prior to planting? 
• If the research team agreed on having 2% extra seed, how many total seeds are 
needed to complete this project? 
 
Field Guidelines:  The 10- by 10-ft plot must have a border on the outside most rows 
equaling ½ foot.  Rows must be spaced 1½ ft apart from each other, and seeds planted within 
each row should be 6 inches apart. 
 
Which plant is lacking its proper raincoat? (Activity #3, see supplemental materials) 
 
Cuticular wax is the shiny, wax substance that accumulates on the outer portions of 
the plant (e.g., leaves).  It is primarily derived from hydrophobic fat molecules that the plant 
produces naturally and uses for wax production, cell signaling, and membrane stabilization.  
In the Nikolau research laboratory at Iowa State University, we use corn as a model system 
to study the biochemical pathway for cuticular wax production. Approximately 30 glossy 
mutants have previously been identified based on modified or absent wax surfaces. The name 
glossy stems from the dull appearance of normal leaves versus the glossy vibrant appearance 
of mutant leaves.  Beginning in the corn growth exercise and continuing in this second 
exercise, students worked to first understand how the previously collected data on plant 
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growth (measured in height) and color relates to a mutation of their plant’s wax layer 
(wildtype plant or abnormal ‘glossy’ mutant).  The students were asked to observe the leaves 
for color and apply these observations in forming a hypothesis regarding the genotype of 
their plants (i.e. glossy mutant versus wildtype plant).  After generating their hypotheses, the 
students phenotyped (i.e. identified the physical properties) the plants. Students sprayed 
water on 12-16-day-old seedlings and observed whether water beaded on the leaf surface.  If 
the plant has an intact wax layer, the water rolls off the leaf.  In contrast,  on glossy mutant 
plants the water beads up, remains on the leaf and is eventually absorbed by the leaf. These 
results were documented and comparisons back to their initial hypotheses and final 
conclusions were made.   
Extension:  The glossy8a heterozygous maize lines selected for this experiment should 
segregate according to Mendelian genetics.  For classes that are investigating genetic 
segregation as a part of their curriculum, documenting numbers of mutant and wildtype 
plants provides an easy example for visualization of these concepts. 
 
Understanding the value of a corn kernel: Kernel dissection and investigation of 
component utilization (Activity #4, see supplemental materials) 
The goal of this exercise was to link the daily activities in our society with this simple 
plant and to demonstrate the many uses of corn.  Through the dissection of corn kernels, each 
student was able to identify that there are different compartments to a corn seed and that each 
of these parts are used in specific ways.  The corn seed (kernel) is composed of four major 
parts:  the endosperm, the pericarp, the embryo (germ), and the tip cap.  The endosperm 
comprises most of the kernel’s dry weight, and is also the seed’s source of energy in the form 
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of starch.  The pericarp is the hard fiber rich, outer covering of the kernel, which protects the 
seed both before and after planting.  The embryo is the living part of the corn kernel, and 
contains the genetic information, vitamins, oils, and minerals that the kernel requires for 
growth.  Finally, the tip cap is the place of attachment to the cob.  The nutritional make up of 
yellow dent corn, which is typically used for animal and bird feed is 61.0% starch, 3.8% corn 
oil, 8.0% protein, 11.2% fiber, and 16.0% moisture (2).  Our students isolated and identified 
each of the four parts, and then researched specific uses of the separate kernel entities with 
regard to our societal needs.  Some specific examples include: endosperm - adhesives, 
porcelain part of spark plugs, and uses in molding rubber; pericarp -  cookies/cake composed 
solely of pericarp can be used to aid in digestion and bowl regulation; embryo - seed oil, 
paints, linoleum, and news paper printing; and tip cap -  furfural (an organic compound used 
in fragrance and foods as flavorants) and charcoal production. To foster student-enhanced 
learning/teaching, the students were required to formally report their findings to the class 
orally and submit an experimental findings report.  
Extensions:  After seed dissection, place all four organs onto separate paper plates, napkins 
or paper.  Organs should be pressed between paper to allow oil accessibility and help 
students to identify which organs store the plant’s oil.  To aid in applying pressure, books 
should be sandwiched between the pieces and weight added to aid in the extraction. 
 
Biorenewable fuel: Food grade oil to biodiesel, the transesterification reaction (Activity 
#5, see supplemental materials) 
 
Within an average year, nearly 13 billion bushels (1 bushel = 56 pounds) are 
produced (3,4).  Over the past 30 years, the amount of corn used in industrial applications has 
increased from 9.9% (1980) to 34.0% (2008), primarily due to the demand for corn ethanol 
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fuel.  With the rising interest in a bio-based economy as well as an interest in sources of 
biorenewable energy and chemicals, many researchers are looking to corn as a carbon 
feedstock for these products (e.g. organic chemicals, nutraceuticals, biodiesel, and 
biodegradable polymers and fibers).   
 The biorenewable fuel, biodiesel, is derived from vegetable oils via transesterification 
and provides similar combustible properties to regular petroleum diesel fuel (5).  It is 
biodegradable, nontoxic and has significantly fewer emissions than its counterpart, 
petroleum-based diesel (6). Biodiesel is currently the most attractive market alternative 
among non-food applications of vegetable oils for transportation fuels.  Plant oils suitable for 
processing into biodiesel come from crops such as soybean, rapeseed, sunflower and corn.  
Iowa, a cornbelt state, is a major agricultural contributor of corn to the world, and the state 
that the Symbi program resides, solidifying our interest in corn for this educational module.   
 Transesterification is the process of chemically treating seed oils with methanol to 
produce methyl esters and glycerol from the triacylglycerol (TAG) that comprises seed oil.  
This same reaction has been extensively used within the soap industry, as glycerol is the 
major component sought for detergent production.  This same base-catalyzed 
transesterification process is ideal for classroom laboratory work as it requires low 
temperatures and pressures, yet yields nearly 98% conversion.  The chemical reaction is:  
TAG + Methanol + Catalyst (Sodium Hydroxide)  Methyl esters (crude biodiesel) + 
glycerol.   
 
In the classroom, students recycled waste food oil from a fast-food restaurant and 
store bought corn oil to synthesize two products people use daily: fuel and soap.   Upon 
performing the chemical reaction above, the two products visually separate into two layers; 
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the top layer (lighter in color and density) is biodiesel and the bottom layer (heavier and 
darker in color) is the byproduct, glycerol.  Students were provided the opportunity to make 
use of the waste byproduct, as is the case in industry, by making soap (found below).  For the 
culmination of the biodiesel laboratory, the biodiesel was burned in a controlled environment 
by the teacher to demonstrate to the students that the product is combustible and can do work 
if put into a diesel engine.  Alternatively, biodiesel is a great biodegradable graffiti remover, 
so it may be quite interesting to have the students help clean the school up with their product.  
 
Byproduct utilization: Metamorphosis of biodiesel waste (glycerin/glycerol) to soap 
(Activity #6, see supplemental materials) 
As students found, the byproduct of biodiesel production is glycerin.  This glycerin 
has many applications within the oil and chemical industries, including, industrial strength 
degreasers, composting & soil fertilizer, cosmetics, pharmaceuticals, food, paint, and 
liquid/bar soap production.  This exercise exploits the latter application: soap/detergent 
(saponification) production.  As stated previously, science and its application in society today 
is an underlying education goal for this short course, and the GK12 program it self.  It was 
important for the students to have a tangible product that they were able to take, discuss with 
their families and hopefully use in their homes, so soap from the waste product of a 
biorenewable application was an excellent fit. 
 It is important when taking on soap production/saponification, to have classes begin 
with a simple filtration of the waste glycerin to remove unwanted impurities.  This was easily 
accomplished by the use of a coffee filter or ‘old’ panty hose.  An interesting addition to this 
exercise is the investigation of how different types of seed oils and varying quantities of base 
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(used in the transesterification process/biodiesel production) affect the properties of the final 
soap product (e.g., if liquid is desired, classes should use potassium hydroxide for biodiesel 
and soap production; conversely, sodium hydroxide should be used for bar soap).  By 
adjusting these variables simply in a planned experiment, it enables students to understand 
this concept and propose predictable hypotheses and outcomes.  The general understanding 
that different variables produce a large variety of results is a real way to demonstrate 
engineering concepts.  The ingredients used for soap production, glycerin, water and base 
(sodium hydroxide/lye) are rather simple, but we have found that the ratio/quantities used in 
this process also affect the lathering and degreasing capabilities (increased water increasing 
the soaps lather, where as increased base produces a stronger yet skin drying soap), lending 
to achievable student classroom or science fair investigable questions (7).  The quantities of 
these ‘ingredients’ that worked best in our classroom application and achieved a nice take 
home product were as follows:  1:3 water to glycerin with 40g/L sodium hydroxide.  The 
power generated by having a usable soap product for their home enhances community impact 
by providing an opportunity for students to communicate to their families about school work 
and 21st century ‘green’ technologies. 
 
CONCLUSIONS 
 
The efforts provided by this educational module, Plant Fat: From the cornfield to our 
homes, simply drew together real life concepts and helped to make science tangible and 
relevant for this new generation of students.  Relating the science taught in the classroom to 
real life practices and products helped expand the student experience, understanding and 
perspective of what science is.  The unique collaboration between university and public 
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schools, graduate students and teachers, an outcome of the Symbi GK12 program, has 
promoted scientific understanding by development of empowering lesson plans by 
incorporation of current graduate research into the classroom and ultimately provided 
community awareness and interest.  Further, the module has brought together real life global 
challenges to the attention of middle school students, and demonstrated that the solution to 
one global challenge: dependence on petroleum can be addressed through building our 
understanding of science and engineering.  It has helped promoted confidence within these 
young scientists, with the hope that learning and exploring experimentally biorenewable 
science at an early age will enhance the ideas and scientific quest later on.  Our goal of 
incorporating advanced science into the middle school classroom and promoting awareness 
of science throughout nearly every aspect of our lives was accomplished successfully.  
Additionally, working towards these goals provided teachers with new ideas and concepts to 
be used within their classrooms. 
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Figure 1.  A schematic of the Plant Fat: From the cornfield to our homes education module.  
Beginning with the seed (top left) and ending with glycerin soap (bottom right).  Red arrows 
indicate plant growth and development.  Blue arrows indicates additional plant sciences.  
Green arrows indicate a relation between biorenewable science and our everyday life.  
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SUPPORTING MATERIAL 1: 
 
Methods and Activities  
 
Materials –The equipment used and materials needed for this short course are detailed in 
Supporting Material 2. 
 
Growth chamber set up – A simple growth chamber was constructed from material purchased 
at a local home improvement store.  A plastic coated wire-shelving unit (width: four foot by 
depth: 18-24 inch) provided us with the best working environment in the counter space 
allotted.  The shelving unit was assembled with the top, bottom and one middle shelf only.  
Two shop lights (twin-bulb fluorescent shop lights) were hung on both the top-most and 
middle shelves.  One shop light per shelf can be used, however, shelving height must be 
adjusted regularly to meet the illumination needs of the growing plants.  Two lights per shelf 
provide ample illumination during all stages of seedling growth.  The outside of the chamber 
should be wrapped in a reflective material to help intensify illumination within the chamber.  
The material was secured with metal foil tape.  Aluminum foil works for this purpose, but 
reflective survival blankets were found to be more robust in this application.  The shelf 
bottoms were also covered with the same reflective material.  A front flap/door was 
fashioned by using a piece of the survival blanket and securing a four and a half foot piece of 
PCV pipe to the bottom of the blanket.  The pipe acts both as a weight for the front flap (to 
keep it in place) and as a way of keeping the material neatly stored when the chamber is in 
use. 
 
Plant growth – Heterozygous glossy mutant corn lines (stocks 510D, 510E and 519F) were 
acquired from the Maize Genetics Cooperation Stock Center 
(http://maizecoop.cropsci.uiuc.edu/), and ears were generated by selfing each plant at the 
Curtiss Farm at Iowa State University prior to the school year.  All three mutant corn lines 
are heterozygous recessive, and segregate in a 3:1 wild-type:mutant ratio. Plant growing 
systems were made according to standard Wisconsin Fast Plant bottle growing system 
protocols (http://www.fastplants.org/grow.php) using potting soil and fertilizer pellets.  
Alternatively, corn seed may be germinated in sand. 
 
Activity #3- Which plant is lacking its proper raincoat? 
 
Laboratory Prep – This exercise requires the glossy8a heterozygous recessive corn plants 
grown in Activity 2.  Seedlings should be around 12-16 days old prior to phenotyping the 
corn plants. 
 
Materials: see materials (Supporting Material 2) 
 
Lab Day:  The students should first have students look at their height measurements and 
plant color data collected from the activity ‘Bringing the researcher’s cornfield to the 
classroom: Kernel preparation and plant growth’.  Using this data, hypotheses should be 
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generated as to which (if any) of the student’s plants are glossy mutants.  Once predictions 
are recorded:  
 
1. Students should gather all corn plants grown in a collective classroom area that is 
clear of excess materials that could potentially be damaged by water (e.g. student 
notebooks, textbooks, etc.). 
2. With a spray bottle filled with tap water, students must spray their plants and observe 
the plants ‘reaction’ and water beading. 
3. Students should conclude which plants are ‘confirmed’ mutants and relate their 
conclusions back to their hypotheses. 	  	  
Activity #4- Kernel Dissection: What products come from these little kernel parts? 
 
Laboratory Prep – Steeping the corn kernels:  Kernels (enough for all students to have at 
least one plump kernel) should be placed into a beaker with tap water completely submersing 
all kernels.  Kernels must sit overnight (24 hours is optimal). 
 
Materials for each group/person 
• Corn Kernels (obtained from local stores sold as ears of yellow dent corn, typically 
for animal/bird feed) 
• Paper plate 
• Paper or laboratory write-up 
• Pencil or pen 
• Push pins (finger nails also work well) 
• Paper towels 
• Forceps (optional) 
 
Lab day - To aid with kernel dissection, provide the students with a lab write-up containing 
a schematic of a kernel of corn, on which they can identify and label the parts prior to 
dissection.  Using a pencil or pen, each student should divide a paper plate into four 
quadrants and label the quadrants with the names of the four kernel parts: 1) endosperm, 2) 
pericarp, 3) embryo/germ, and 4) tip cap.  Pass out a steeped corn kernel to each student. 
Ensure that everyone understands the importance of using careful practices, because at the 
end of the lab exercise all parts of the dissected kernels will be collected and massed. 
 
Dissection: 
1. Removal of tip cap:  This is most easily done by use of a fingernail and pressing into 
the kernel just enough to pull the tip cap away from the other kernel parts.  If using a 
pushpin, poke kernel multiple times just above the identified region of interest (i.e., 
tip cap basin), and remove as soon as possible. Place in the tip cap quadrant. 
2. Removal of the pericarp:  Peel the outer seed coat (i.e. the pericarp) from the kernel 
and place in the pericarp quadrant.  Students should peel as much away from the 
remaining ‘kernel’ as possible, and many times it comes off in several discontinuous 
pieces. 
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3. Removal of the embryo/germ:  Locate and remove the embryo from the kernel.  Place 
in the germ/embryo quadrant. 
4. Identification of endosperm:  The remaining material is endosperm and should be 
placed in the endosperm quadrant. 
5. As a classroom, pool each of the four kernel parts into separate pre-massed collection 
cups. 
6. Using a balance, mass each of the four kernel parts and calculate the estimated 
percentages each makes up on a single seed. 
7. After all classrooms have performed this task, simple statistics are used to find the 
averages, median, mean, and mode across student classrooms and within each 
individual class. 
8. Enhancement:  Each student (or groups may be assigned) is allowed class time to 
research different societal uses for each part of the corn kernel.  Their findings are 
recorded and presented to the class, deepening the breadth of knowledge and 
understanding surrounding this simple activity.   	  	  
Activity #5:  Biodiesel!  The transesterification reaction: 
 
Materials: see materials (Supporting Materials 2) 
  
 
Laboratory Prep:  Two hours prior to class time, seed oil in its original container should be 
warmed in a crock pot water bath set on high.  The oil should rise to a temperature of 65°C 
prior to biodiesel production, and maintained thereafter on medium to low.  Two stations are 
organized:  1) a massing station that includes a container of sodium hydroxide, weigh 
boats/paper or aluminum foil, and a balance; and 2) a station at which methanol can be 
measured and contains  a bottle of methanol or HEET, graduated cylinders, and recycled 
plastic single-serving drinking containers (e.g. 16.9 oz). 
 
Safety:  Wear safety glasses!  Sodium hydroxide and methanol must be handled with gloved 
hands.  Oil is heated to moderately high temperatures, so use care when pouring. 
 
Student Laboratory:  (Students work in groups of 2) 
1. Weigh out 2 grams of sodium hydroxide on a small piece of aluminum foil or weigh 
boat/paper. 
2. Measure out 60 mL of methanol (or HEET, SG 0.792) using a graduated cylinder.  
Carefully pour liquid into the recycled plastic drinking bottle. 
3. Add sodium hydroxide to the methanol and gently swirl until all sodium hydroxide is 
dissolved (1-5 minutes, reagent grade methanol seems to dissolve the sodium 
hydroxide more quickly than HEET), this produces a meth oxide solution. 
4. Measure out 220 mL of heated corn oil (or waste fry oil, etc) in a graduated cylinder 
and carefully decant into the Meth oxide solution.   
5. Securely cap bottle, and shake vigorously for 30 seconds.   
6. Let the mixture settle (2-3 minutes) and shake again for 15 seconds.  
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7. Repeat step 6 five additional times. The mixture will first thicken and darken, then 
become thinner than the original seed oil. 
8. Together, each group pours their reactions into several glass 2-liter flasks and let 
them stand overnight.  Alternatively, the 16.9 oz bottles can stand overnight, however 
some bottles can potentially leak. 
9. Day 2:  Carefully pour off the top layer, containing the crude biodiesel, by decanting 
(or glass pipetting) into a clean recycled plastic drinking container (2-Liters work 
well for this).  The bottom layer, which is a thicker and darker product that includes 
glycerol, should be saved for soap production). 
10. To wash the biodiesel (optional), add distilled water roughly equal to half the amount 
of biodiesel into a vessel with a lid. 
11. Gently rock capped bottle for about 3-5 minutes.  (Do not shake as it will again create 
an emulsion similar to preparation on Day 1 and separation will take several hours) 
12. Allow biodiesel and water to separate for 10 minutes. 
13. Using a glass or plastic pipette draw out any remaining glycerol on the bottom. The 
remaining top layer contains the crude biodiesel.  (The collected glycerol should be 
saved for soap creation) 
For Fun:  We took 1mL of this biodiesel product and carefully lit it with a blowtorch to 
demonstrate its combustibility. 
 
 
Activity #6:  Soap!  The saponification reaction. 
 
Materials: see materials (Supporting Materials 2) 
 
Laboratory Prep:  Set up three stations:  1)  a massing station that includes a container of 
sodium hydroxide, weigh boats/paper or aluminum foil and a balance; 2) a glycerin heating 
station which includes either a heating stir plate or a crock pot of water heated to ~ 65°C , 1 
Liter beaker with stir bar (if using heating block), graduated cylinders (or glass Pasteur 
pipettes with bulbs); and 3), a water measuring station, which includes a second heating 
block with pre-warmed 50°C water, graduated cylinders/Pasteur pipettes with bulbs, and 
25mL test tubes with stoppers or 50mL flacon tubes.  A classroom demo station should also 
be set up for crude purification of glycerin via a simple filtration system (i.e. coffee filter, 
500mL separatory funnel and a 1 liter Erlenmeyer flask).  Additionally, if possible, have a 
water bath (crock pot) set to 65-70°C for warming soap mixture during mixing/saponification 
process. 
 
Safety:  Wear safety glasses!  Sodium hydroxide must be handled with gloved hands.  
Glycerin is heated to moderately high temperatures, so use care when pouring. 
 
Student Laboratory: (Students work in groups of 2) 
 
1. The waste glycerin collected from production of biodiesel is first crudely purified by 
filtration.  This should be performed as a demonstration by the teacher or scientist. 
The teacher/scientist will pour glycerin through a coffee filter system, and can be 
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performed prior to the day of soap production, as it can take a fair amount of time to 
filter all glycerin needed/produced from biodiesel exercise. 
2. Filtered glycerin is heated to 50°C on a heating/stirring block in a 1 Liter beaker with 
stirring .  If using the crock-pot method, make sure to gently stir or swirl glycerin to 
aid heating process. While glycerin is heating, proceed to step three. 
3. Student groups should collect safety goggles, laboratory gloves, a test tube plus 
stopper (or 50mL falcon tube), medium sized weigh boat, and a 250mL beaker to be 
used as an on-bench heating bath. 
4. Weigh out 1.6g of sodium hydroxide at weigh station.  Place into tube. 
5. In empty 250mL beaker fill ¾ full with warm/hot water from crock-pot. 
6. Measure 10mL of prewarmed water (from heating block) and add to sodium 
hydroxide.  Avoid breathing in any gas that potentially escapes and secure cap tightly.   
7. Gently shake tube without inverting to dissolve sodium hydroxide. Place into 
individual water bath for storage. 
8. Measure 30mL of prewarmed glycerin and add directly to sodium hydroxide solution 
and secure cap.   
9. Shake solution vigorously for 3 minutes. 
10. Place into water bath to warm solution for 30-60 seconds. 
11. Shake solution vigorously for 30-60 seconds.  Repeat this water bath incubation and 
shaking for 20 additional minutes (soap processing may cause foaming).  If at any 
point water bath becomes cool, replenish with water from original source. 
12. After soap production (saponification reaction) is completed, pour soap into two 
weigh boats and let cure for 1-2 weeks.  If possible, cover the tops of the weigh boats 
to help prevent quick loss of heat (all weigh boats were collectively placed on 
multiple lunchroom trays and stacked to help with this).  As soap cools, it will begin 
to solidify. 
 
Hazards – Sodium hydroxide (lye) is a hazardous chemical when it comes in contact with 
skin or if inhalation occurs.  Care should be taken when handling this base, and appropriate 
personal protective equipment should be used as recommended in the material safety data 
sheets (MSDS).  When reacting with water it generates heat, so care should be used when 
dissolving into solution.  Methanol is a colorless, flammable, poisonous liquid.  It can cause 
eye and skin irritation, and may be absorbed through contact with skin.  Care should be taken 
when handling this alcohol, and appropriate personal protective equipment should be used as 
recommended in the MSDS.	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SUPPORTING MATERIAL 2: 
 
 
Materials and Set up – Master list of Materials needed 
 
Plant growth systems 
• 16.9oz recyclable drinking bottles (enough for each group of two students to have 
one) 
• clothing line 
 
Growth Chamber 
• Survival blankets (2) 
• Aluminum tape 
• Storage shelving unit 
• 4 – twin bulb fluorescent shop lights (e.g.) 
 
Corn Kernel Preparation and Seed Growth 
• Intact ears of field corn 
• Intact ears of mutant corn (glossy mutant heterozygous line) 
• Growth chamber (see above), Wisconsin Fast Plant set up, bright window space  
• Pot with wicking system (modified from Wisconsin Fast Plants) 
o Pop/Gatorade bottles 
o Potting soil or sand 
o Bead fertilizer (e.g. Osmocote) 
o Wick/clothing line (untreated) 
o Electric drill with various bit sizes 
o Black garbage bags 
• Labels 
• Sandwich bags 
 
Mutant Identification 
• 12-16 day old maize seedlings (planted from the glossy mutant heterozygous  
recessive line) 
• Spray bottle with water 
 
Corn Kernel Dissection 
• Paper plates 
• Weigh boats/paper 
• Balance (preferably measuring in mg but not essential) 
• Water 
• Push pins (dissection tool) 
• Computer/Library access 
 
Seed Oil Visualization (Extension) 
• Post seed dissection germ 
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• Paper plates 
• Brick or several classroom books 
• Student weight or vice grips 
 
Biodiesel 
• Corn oil (other potential seed oils if expanding project) or discarded restaurant frying 
oil 
• Reagent grade Methanol (CH2OH or ‘HEET’ gasoline additive) 
• Sodium Hydroxide (NaOH, also known as ‘lye’ or ‘caustic soda’) 
• 500 mL - Erlenmeyer flask 
• 250 mL - Erlenmeyer flask 
• laboratory thermometer (110°C or 200F max) 
• balance (0.1g precision minimum) 
• aluminum foil, weigh boats or weigh papers 
• Crock pot 
• Safety glasses 
• Disposable latex or nitrile gloves 
 
Glycerin Soap 
• Safety Goggles 
• Latex or nitrile gloves 
• Balance 
• Weigh boats 
• Crock-pot 
• Test tubes plus stopper 
• Coffee filters 
• 250 mL beakers for desktop water bath 
• 1 L beaker 
• Graduated cylinders (10 mL and 50 mL) 
• Sodium hydroxide 
• Waste glycerin from Biodiesel lab 
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CHAPTER V.  GENERAL CONCLUSIONS 
 
This dissertation discusses how one can dissect genetic redundancy within the 
complex integral membrane system fatty acid elongase (FAE).  FAE biosynthesizes a 
necessary class of fatty acid molecules coined very long chain fatty acids (VLCFAs), which 
are fatty acids greater than 18 carbon atoms in length.  Biochemically, FAE is analogous to 
fatty acid synthesis (FAS) and catalyzes the iterative series of four reactions: a Claisen 
condensation, reduction, dehydration, and a second reduction (1).   
The first FAE reaction, the Claisen condensation, is biochemically confirmed to be 
encoded by two unrelated gene families ELO (in yeast and animal systems) and KCS (in 
plant systems) (2-5).  Plants provide interesting FAE biochemistry because they retain both 
types of Claisen condensation enzymes.  Unlike the KCS enzymes that are biochemically 
confirmed to perform this reaction, the ELO proteins’ functions remain unknown within 
plant systems (6).  Chapter III describes the first in depth characterization of plant ELO 
proteins, and identifies five maize ELO proteins by sequence homology to the yeast 
homologs.  This study combines a reverse genetic approach in Arabidopsis with the 
Metabolomics 2010 project data, and analysis of transcript profiling and primary structure 
characterizations.  These characterizations provide evidence of the ELO-type FAE systems 
participating in the production of VLCFAs and their derivatives.  In addition, ELO proteins 
do not appear to influence the quantitative or qualitative composition of the cuticle, but rather 
affect the inter-cellular pools of VLCFAs (i.e., membrane lipids and/or metabolic signaling 
lipids).  This data suggests that metabolically, plant ELO proteins play independent but to 
some degree parallel functions as the KCS Claisen condensation enzymes. 
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The second FAE reaction, beta-ketoacyl-CoA reduction (KCR), is encoded by two 
previously characterized maize KCR homologs, Glossy8a (ZmKCR1) and Glossy8b 
(ZmKCR2) (7-9).  Chapter II describes the characterization of the enzymological role each 
KCR paralog has by bioengineering a yeast-based FAE expression system.  The ZmKCR  
gene paralogs are 96% identical, however, the double mutant in maize is embryo lethal (7).  
Previous characterizations illustrated that these isozymes are not functionally redundant but 
their functions can overlap chemically.  This is illustrated by their cuticular wax phenotypes.  
Mutations that knock-out ZmKCR1 function showed dramatic loss of cuticular wax 
crystalloids and biochemical analysis of the cuticular wax pool coincides with this finding by 
a reduction in cuticular wax load to 6% of wild-type’s levels (7).  Moreover, mutations that 
knock-out ZmKCR2 function reveals an undisturbed cuticular wax layer and a less severe 
decrease in the cuticular wax load (55% of wild-type’s levels).  
The bioengineered platform presented in this dissertation corroborates these findings, 
and illustrates that ZmKCR1 preferentially associates with KCS-containing FAE systems.  
The fatty acid, cuticular wax, and sphingolipid/ceramide composition of the maize glossy 
mutants was also been previously investigated and it was found that both enzymes can meet 
VLCFA cellular requirements but do so by providing different qualitative fatty acid pools.  
Of particular interest was the detrimental effect of the ZmKCR2 mutation on ceramide 
composition.  Our data supports this finding by demonstrating a beneficial relationship 
between ZmKCR2 and the ELO-containing FAE systems.   
The utility of this tractable yeast-based platform for functionally evaluating the roles 
of paralogous genes, specifically FAE component genes, has been illustrated.  In addition, 
the complex nature of the Arabidopsis ELO/KCS-containing FAE systems indicates that a 
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simpler system for enzymological characterization of the individual ELO gene paralogs 
would prove advantageous.  This bioengineered platform could serve that function.  That 
being said, our first and foremost goal is to complete the maize FAE system by knocking out 
the second ELO component (ELO2 within the Scelo3-KO triple component replacement 
strains) and replacement of the yeast ECR component with ZmECR.  The product being a 
quintuple yeast gene knock-out strain that carries all the four maize FAE components 
(Scelo2, Scelo3, Sckcr, Schcd, & Scecr + ZmKCS, ZmKCR1(2), ZmHCD, & ZmECR).  
Presumably, as the platform becomes a purely maize FAE expression system, ZmKCR1 
should become more efficient corroborating the notion that ZmKCR1 is specific for KCS-
containing FAE, while ZmKCR2 will be less efficient in interacting with the ZmKCS-
containing FAE.  My anticipation is that this replacement platform will, overtime, investigate 
the functional redundancy of the remaining paralogous FAE components.  Bioengineering a 
purely plant based heterologous expression system provides the machinery to produce long 
chain substrate for the enzymes that are biosynthetically downstream of FAE (e.g. wax 
synthase, fatty acid reductase, etc.).  This simple organism can then provide the bio-based 
hydrocarbon feedstock that is becoming more and more a part of our future. 
Chapter IV provides a very different component to this dissertation research, yet 
parallels the founding concepts rooted within the thesis (e.g., plant science, genetics, 
biochemistry, and green technologies).  An educational module entitled ‘Plant Fat: From the 
cornfield to our homes’ is presented that I created and implemented within an 8th grade 
middle school classroom.  As the title implies, the students were guided through scientific 
practices that began in a simulated cornfield and ended with two bio-based industrial 
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processes; the production of biodiesel and the utilization of the biodiesel by-product, 
glycerin, for the production of soap they took home to use with their families.    
In summary, this dissertation research has provided two avenues that address the 
question of how to dissect genetic redundancy within complex integral membrane systems.  
It has additionally provided a heterologous system that can be used to not only answer such a 
question but is expandable with the potential off shoot of complex discovery and 
identification of additional FAE component requirements. 
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APPENDIX A.  CONSTRUCTION OF GATEWAY ENTRY CLONES TO EXAMINE 
THE EVOLUTIONARY RELATIONSHIP OF ZmKCR1 AND ZmKCR2 
 
 
 The generation of the yeast heterologous component replacement platform (Chapter 
2) using episomally contained gene constructs was advantageous for the swapping of 
paralogous gene components.  However, the platform could be improved by use of 
constitutive promoters, purification and/or fluorescence tags, and control of the gene copy 
number.  There is a suite of Gateway compatible yeast vectors, constructed by the Lindquist 
lab and maintained by Addgene (Cambridge,	  MA),	  which	  provide	  these	  capabilities	  
(Alberti, Gitler et al. 2007).	  	  Because	  they	  are	  Gateway	  compatible,	  pENTR	  vectors	  must	  first	  be	  constructed.	  	  The	  production	  of	  pENTR	  constructs	  containing	  the	  genes	  ZmKCS,	  ZmKCR2,	  ZmHCD	  and	  ZmECR	  was	  successful,	  however,	  generation	  of	  the	  ZmKCR1/pENTR	  clone	  proved	  difficult.	  	  Amplification	  was	  attempted	  from	  maize	  cDNA 
isolated from the tissues coleoptile, seedling, leaf, husk & pollen, and additionally from the 
plasmid (ZmKCR1/pYX043) used within Chapter 2 all without success.  As there was no 
problem producing a ZmKCR2/pENTR vector, the research strategy was conversion of the 
ZmKCR2/pENTR clone into ZmKCR1 as the nucleic acid sequences are 96% identical.  This 
task was performed using site-directed mutagenesis (Quickchange Multi Site-Directed 
Mutagenesis Kit, Agilent Technologies – Stratagene Division, La Jolla, CA).  Most 
nucleotide substitutions were synonymous, but 12 base pair substitutions persist and were the 
targets of our ZmKCR2 to ZmKCR1 conversion (labeled b2a for Glossy8b to Glossy8a).  
These encode for 11 amino acids within the ZmKCR proteins and are found within the 
nucleic acid sequence at: t59c, g235t, c269a, g302a, a308g, a355g, g374c, g438c, c439g, 
g494c, g551c, and a787g (Figure 1). The Quickchange Multi Kit allows for up to five 
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substitutions at one time, proving advantageous for this gene conversion in theory, although, 
not as efficient for our gene of interest.  Primers were designed according to Quickchange 
Multi protocol (Figure 2).  Out of the first round of mutagenesis, multiple variants were 
produced, and of 16 sequenced colonies one contained all five substitutions.  As a 
consequence, this approach provided a potential means of studying the genetic evolution of 
ZmKCR1 and ZmKCR2 through base-by-base replacement.  The pENTR clones (Table 1) 
generated from this targeted mutagenesis process can easily be expressed within our FAE 
component replacement platform and generate a knowledge base surrounding the ZmKCR 
enzyme’s evolution. 
 
 
 Alberti,	  S.,	  A.	  D.	  Gitler,	  et	  al.	  (2007).	  "A	  suite	  of	  Gateway®	  cloning	  vectors	  for	  high-­‐throughput	  genetic	  analysis	  in	  Saccharomyces	  cerevisiae."	  Yeast	  24(10):	  913-­‐919.	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pENTR Construct t59c g235t  c269a g302a  a308g a355g g374c g438c c439g  g494c g551c a787g
# of Base 
Substitutions
ZmKCR1 C T A A G G C C G C C G 12
ZmKCR2 T G C G A A G G C G G A 0
b2a-a T G C G A A G G C C G A 1
b2a-b C G A G A A G G C G G A 2
b2a-c C G C G A A G G C C G A 2
b2a-d T T C G A A G G C C G A 2
b2a-e T G A G A A G G C C G A 2
b2a-f C T A G A A G G C G G A 3
b2a-g C T C G A A G G C C G A 3
b2a-h C G A G A A G G C C G A 3
b2a-i C G A G A A C G C C G A 4
b2a-j C T A G A A C G C C G A 5
b2a-k C T A G A A C G C C G G 6
b2a-l C T A A G A C G C C C A 8
b2a-m C T A A G A C G C C G G 8
b2a-n C T A A G G C G C C G G 9
b2a-o C T A G G A C C G C G G 9
b2a-p C T A A G A C G C C C G 9
b2a-q C T A A G G C G C C C G 10
b2a-r C T A G A G C C G C C G 10
b2a-s C T A A G A C C G C G G 10
b2a-t C T A A G G C C G C G G 11
b2a-complete C T A A G G C C G C C G 12
Construction of ZmKCR1/pENTR Constucts from ZmKCR2
Base Pair Substitutions
Table 1.  Partial generation of the ZmKCR1/pENTR construct.  As a result of multiple 
rounds of site directed mutagenesis, partial ZmKCR1/ZmKCR2 sequences were captured.  
The 12 base pairs required for this conversion are listed as base pair substitution, and the 
highlighted base pairs indicate ZmKCR1 nucleic acid residues. 
 
ZmKCR2_CDS ATGGCCGGCACGTGCGCCCACGTCGAGTTCCTCCGCGCGCAGCCGGCTTGGGCGCTGGTGCTGGCCGCCGTGGGCCTGCTCGTGGCCGTC
ZmKCR1_CDS ATGGCCGGCACGTGCGCTCACGTCGAGTTCCTCCGCGCGCAGCCGGCGTGGGCGCTGGCGCTGGCCGCGGTGGGCCTGCTCGTGGCCGTG
ZmKCR2_CDS CGCGCCGCTGCCCGCTTCGCGCTCTGGGTCTACGCCGCGTTCCTCCGCCCGGGGAAGCCCCTGCGCCGCCGCTACGGCGCCTGGGCCGTC
ZmKCR1_CDS CGCGCCGCCGCCCGCTTCGCGCTCTGGGTCTACGCCGCGTTCCTCCGCCCGGGCAAGCCCCTGCGCCGCCGCTACGGCGCCTGGGCCGTC
ZmKCR2_CDS GTGACGGGCGCCACCGACGGCATCGGCCGCGCCGTCGCGTTCCGCCTCGCCGCGGCCGGGCTCGGGCTCGTCCTCGTCGGCCGCAACCCG
ZmKCR1_CDS GTGACGGGCGCCACCGACGGCATCGGCCGCGCCGTCGCCTTCCGCCTCGCCGCGTCCGGGCTCGGGCTCGTCCTCGTCGGCCGCAACCAG
ZmKCR2_CDS GAGAAGCTGGCCGCCGTGGCCGCCGAGATCAGGGCCAAGCACCCCAAGGTCCCCGAGGTGCGCACCTTCGTGCTCGACTTCGCCAGCGAG
ZmKCR1_CDS GAGAAGCTGGCCGCCGTCGCCGCCGAGATCAAGGCCAGGCACCCCAAGGTCCCCGAGGTGCGGACTTTCGTGCTCGACTTCGCCGGCGAG
ZmKCR2_CDS GGGCTCGCGGCCGGCGTCGAGGCGCTCAAGGACTCCATCCGTGGCCTCGACGTCGGCGTGCTCGTCAACAACGCCGGGCTGTCCTACCCG
ZmKCR1_CDS GGGCTGGCCGCCGCCGTCGAGGCGCTCAAGGACTCCATCCGGGGCCTCGACGTCGGCGTGCTCGTCAACAACGCCGGCGTGTCCTACCCG
ZmKCR2_CDS TACGCGCGCTACTTCCACGAGGTGGACGAGGAGCTGATGCGCAGCCTCATCCGGGTCAACGTCGAGGGCGTCACGCGGGTCACGCACGCC
ZmKCR1_CDS TACGCGCGCTACTTCCACGAGGTGGACGAGGAGCTGATGCGCACCCTCATCCGGGTCAACGTCGAGGGCGTCACGCGTGTCACGCACGCC
ZmKCR2_CDS GTGCTGCCAGGCATGGTCGAGCGGAAGCGCGGCGCCATTGTCAACATCGGCTCCGGCGCCGCCTCCGTCGTGCCTTCTGATCCGCTCTAC
ZmKCR1_CDS GTGCTGCCGGCCATGGTCGAGAGGAAGCGCGGCGCCATTGTCAACATCGGCTCCGGCGCCGCCTCCGTCGTGCCTTCTGATCCGCTCTAC
ZmKCR2_CDS TCCGTCTACGCCGCCACCAAAGCGTATGTTGACCAATTCTCAAGATGCCTCTATGTTGAGTACAAGAGCAAGGGTATTGATGTGCAATGC
ZmKCR1_CDS TCCGTCTACGCCGCTACCAAAGCGTATGTTGACCAATTCTCAAGATGCCTCTATGTTGAGTACAAGAGCAAGGGTATTGATGTGCAATGC
ZmKCR2_CDS CAGGTGCCCCTATACGTGGCGACAAAGATGGCATCTATCAGGAAGTCTTCCTTCATGGTTCCATCTACTGACACCTATGCTCGTGCTGCC
ZmKCR1_CDS CAGGTGCCCTTATACGTGGCGACAAAGATGGCATCCATCAGGAAGTCTTCCTTCATGGTCCCATCTGCTGACACCTATGCTCGTGCTGCC
ZmKCR2_CDS GTTCGTCACATTGGATACGAGCCTAGGTGCACACCGTACTGGCCACACTCTGTCGTGTGGTTCTTGATCTCGATTCTTCCTGAGTCCCTT
ZmKCR1_CDS GTTCGTCACATTGGATACGAGCCTAGGTGCACACCATACTGGCCACACTCTGTCGTGTGGTTCTTGATCTCCATTCTTCCCGAGTCCCTT
ZmKCR2_CDS ATAGACAGCGTGCGCCTGGGCATGTGCATTAAGATCCGCAAGAAGGGGCTGGCCAAGGACGCCAAGAAGAAGGCACTGTGA
ZmKCR1_CDS ATCGACAGCGTGCGCCTGGGCATGTGCATTAAGATCCGCAAGAAGGGGCTGGCCAAGGACGCCAAGAAGAAGGCGCTGTGA



















Figure 1.  Alignment of the ZmKCR1 and ZmKCR2 coding sequences.  Base pairs 
highlighted by green boxes are nucleic acid sites that upon translation triggered an amino 
acid change within the protein sequence of ZmKCR2 to the ZmKCR1 protein. 
 
               t59c   
atggccggcacgtgcgcccacgtcgagttcctccgcgcgcagccggcttgggcgctggtgctggccgccgtgggcctgctcgtggccgt 
 
ccgcgccgctgcccgcttcgcgctctgggtctacgccgcgttcctccgcccggggaagcccctgcgccgccgctacggcgcctgggcc 
             g235t  
gtcgtgacgggcgccaccgacggcatcggccgcgccgtcgcgttccgcctcgccgcggccgggctcgggctcgtcctcgtcggccgc 
   c269a    g302a_a308g  
aacccggagaagctggccgccgtggccgccgagatcagggccaagcaccccaaggtccccgaggtgcgcaccttcgtgctcgactt 
   a355g   g374c  
cgccagcgaggggctcgcggccggcgtcgaggcgctcaaggactccatccgtggcctcgacgtcggcgtgctcgtcaacaacgccg 
g438c_c439g        g494c  
ggctgtcctacccgtacgcgcgctacttccacgaggtggacgaggagctgatgcgcagcctcatccgggtcaacgtcgagggcgtcac 
   g551c  
gcgggtcacgcacgccgtgctgccaggcatggtcgagcggaagcgcggcgccattgtcaacatcggctccggcgccgcctccgtcgt 
 
gccttctgatccgctctactccgtctacgccgccaccaaagcgtatgttgaccaattctcaagatgcctctatgttgagtacaagagcaagg 
          a787g   
gtattgatgtgcaatgccaggtgcccctatacgtggcgacaaagatggcatctatcaggaagtcttccttcatggttccatctactgacacct 
 
atgctcgtgctgccgttcgtcacattggatacgagcctaggtgcacaccgtactggccacactctgtcgtgtggttcttgatctcgattcttcct 
 
gagtcccttatagacagcgtgcgcctgggcatgtgcattaagatccgcaagaaggggctggccaaggacgccaagaagaaggcact 
 
gtga 
 


























Figure 2.  The construction of ZmKCR1 pENTR clone by site directed mutagenesis of the 
ZmKCR2/pENTR construct.  The primers used for this conversion are highlighted 
(overlapping primer regions are indicated with green) and the base pairs that were changed 
are specified with yellow. 
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APPENDIX B.  THE IN VITRO EXPRESSION OF THE MAIZE GENES 
COMPRISING FATTY ACID ELONGASE. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Expression of the ZmKCS, ZmKCR1 and ZmECR FAE components. 
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Figure 2.  ZmKCS protein purification and antibody confirmation. 
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Figure 3.  Western blot analysis of the ZmKCS protein in maize husk, mature leaf, coleoptile, 
silk, leaves, and pollen.  In addition, a ZmKCS homolog was detected in Arabidopsis rosette 
leaf sample. 
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APPENDIX C. CONFIRMATION OF THE TWO ALTERNATIVE 
SPLICING PRODUCTS OF GLOSSY1: C12 AND C19 
 
 
 
Figure 1.  Confirmation of the Glossy1 gene locus. 
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Figure 2.  RT-PCR of both Glossy1 alternative splice products (variants c12 and c19).  
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Primer Name Primer Sequence (5’ to 3’)
Forward Primers 25fgl1 GCCAGTATAGAAATTGAGACGACGA
188fgl1 GCGTCCTCCTCCTTCCTACT
255fgl1 CCTTGGCGACCAAGTTACAT
619fgl1 TGATTCTCTTGCTGCTAATAAACCT
624fgl1 CTCTTGCTGCTAATAAACCTCTCT
811fgl1 CTACCAGCTCTGGAGCTCCTTC
826fgl1 CTCCTTCAGCAACATGCTCTTC
1017fgl1 ATATATGCAGGGACAACTTCCTGA
1634fgl1 GACTATTTTAGCTAGCAGTGCCAAG
2662fgl1 GCTATAGAGCATCCTCAGTCTATGC
3151fgl1 GTACTGTCCTACCGTTTCCGTTTTC
3976fgl1 GTTGTGAGTCTGATGGCTACCTACT
4061fgl1 CGACCTGGTATATGGCTTAGTAGAA
4162fgl1 GAGATCGATCAAAAACTGCAGAG
4714fgl1 GTTGTGTTGTTGTCTCACTCTCATC
5030fgl1 GGCTTACTTTGTGCAGAACGAG
5288fgl1 TGTACAGTACCCACCCAACTAGTAA
5300fgl1 TGTACAGTACCCACCCAACTAGTAA
5875fgl1 GTTACTTTCCCTTTGTTTTCCAAGT
Reverse Primers 985rgl1 AATGAAGAGGTTTCGTTCGTCTGT
1390rgl1 AGTCGAAGGCGAGCACGTAG
1688rgl1 TGCACGAACAAATAGACATAGGATA
1773rgl1 TTCTACGTATTCTTGGCTGACAACT
1800rgl1 TTTCAAGCAGAGCCATATGTATGTA
2849rgl1 AATGTGTTAGTCCAAGTTGTTGGTT
3589rgl1 TAACTGCCTGCTGTCTTAGCTTGTT
4083rgl1 CTACTAAGCCATATACCAGGTCGAA
4588rgl1 GTTGTGAGTCTGATGGCTACCTACT
4738rgl1 GATGAGAGTGAGACAACAACACAAC
4952rgl1 AGGCCTTCATGCATAGATTAGTAAA
5327rgl1 GTGCGTGCGTGTTTATTACTAGTTG
6011rgl1 TCTCATTACATCCTTTTGTCTCTTG
6191rgl1 TACAGCACGAGTGACCAATATTTTA
6231rgl1 TTACACGACTTCATGGGTCTCTTCT
6301rgl1 CCTTTCCTGCCCTTGTCTCTTG
6305rgl1 ATGACCTTTCCTGCCCTTG
6606rgl1 ATGGATCAACCCATTCTATTCTACA
Positive Control Primers GL8b-fwd ACCAGCTACACGAATCAGACG
Gl8b-rev CTGTCTATAAGGGACTCAGGAAGAA
Table 1.  Genomic Sequence Confirmation Primers for the Glossy1 Locus 
 
 
 
